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FOREWORD 


The  research  work  in  this  rsport  was  performsd  by  the  Aero-^ce  Division, 
The  Boeing  Conpany,  Seattle,  Washington,  for  the  Flight  Dynamics  Laboratory, 
Directorate  of  Aeromechanics,  Depoty  for  Technology,  Aeronautical  Sjystems 
Division,  Wrlght-Patterson  Air  Force  Base,  Ohio,  under  Contract  Nr«  AF33(6l6)- 
8201»  jilhis  research  is  part  of  a  continuing  effort  to  obtain  economic  predic¬ 
tion  methods  to  integrate  acoustic  analysis  into  the  early  design  stage  of 
fligh*  chicles  vdiich  is  part  of  the  Air  Force  Systems  Coa«Muid*s  Applied 
F"' search  Program  750A,  the  Mechanics  of  Flight.  The  Project  Nr.  is  1370 
"Dyiiamic  Prc  ;iems  in  Flight  Vehicles"  and  the  Task  Nr.  is  137005  "Methods 
of  Noi  se  Prediction,  Control,  and  Measxurement".  Davey  Sbiith  and  later 
Phillip  Hemfcj  of  the  Flight  Dynamics  Laboratory  were  the  Project  Engineers. 

This  report  has  been  authored  by  Walter  V.  Morgan  and  Kenneth  J.  Toung. 

The  research  work  was  conducted  under  the  supervision  of  Kenneth  J.  Young, 
Senior  Group  Engineer  of  the  Acoustics  Group,  Aerc-^ce  Division,  The  Boeing 
Cffl^any.  The  Project  Leader  was  Walter  V.  Morgan.  Primary  technical  asslst- 
Mice  with  all  (diases  of  the  project,  especially  the  test  work  and  data  pro¬ 
cessing,  was  given  by  James  L.  Walker.  Other  msnd)ers  of  the  Acoustics  Groiqp 
who  made  major  contributions  to  this  program  include:  Stanley  C.  Oas  and 
Henry  A.  Kumasaka  in  processing  and  presenting  the  data  and  in  editing  of  the 
report,  Marion  D.  Lockleer  in  providLig  acoustic  instrumentation  and  calibra¬ 
tion,  and  David  A.  Bateman  in  designing  and  supervising  fabrication  of  all 
mechanical  test  apparatus. 
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ABSTRACT 


Part  I  —  The  feasibility  of  using  helium  jets  as  a  practical  substitute  for 
actual  rockets  in  scale  model  acoustic  tests  was  investigated  by  conducting  an 
experimental  program  with  four  heated  helium  models.  Sufficient  evidence  is  pre¬ 
sented  to  indicate  that  the  substitute  gas  modeling  concept  is  valid,  i.e.,  simu¬ 
lation  of  rocket  noise  can  be  achieved  if  the  essential  rocket  flow  parameters  are 
diiplicated.  Since  it  is  not  possible  to  duplicate  all  flow  parameters  simultan¬ 
eously  and  still  retain  the  essential  feature  of  simplicity,  some  compromises  must 
be  made.  The  helium  model  which  provided  rocket  exit  values  of  Mach  number,  veloc¬ 
ity,  and  static  pressure,  and  near  duplication  of  density  performed  best.  This 
evaluation  is  based  on  agreement  in  sound  pressure  levels  with  a  small  solid  propel¬ 
lant  rocket. 

Part  II  ~  An  investigation  was  made  to  determine  the  effect  of  flight  vehicle 
motion  on  propulsion  system  noise  which  is  propagated  to  parts  of  the  vehicle  located 
in  the  near  field.  Following  the  selection  of  a  working  hypothesis,  experiments 
were  performed  using  a  0.6-inch  diameter  heated  air  jet  operating  in  a  l6-inch  dia¬ 
meter  acoustically-treated  wind  tunnel.  Experimental  results  compare  favorably  with 
predictions  based  on  the  hypothesis  which  explains  the  effect  of  vehicle  motion  by 
two  separate  factors:  (1)  the  noise  produced  by  a  jet  in  motion  is  dependent  upon 
the  relative  velocity  between  the  jet  and  the  air  through  which  it  moves;  and  (2) 
a  shifting  of  the  noise  radiation  pattern  toward  the  rear  occurs  because  of  the 
combined  effects  of  vehicle  motion  and  the  finite  velocity  of  sound,  A  prediction 
method  is  developed  which  makes  use  of  noise  data  from  a  stationary  jet  operated  at 
a  velocity  corresponding  to  the  relative  jet  velocity  of  a  moving  vehicle.  These 
measured  data  are  then  translated  by  a  calculated  amount  to  account  for  the  rear¬ 
ward  shifting  of  the  noise  field  due  to  motion. 
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I.  INTRODUCTION 


Scale  model  rockets  are  used  during  early  design  stages  as  a  means  of  predict¬ 
ing  tnj  acoustic  environment  associated  with  flight  vehicles.  The  concept  of  using 
heated  helium  as  a  substitute  for  actual  rocket  fuel  for  scale  model  acoustic  test¬ 
ing  was  developed  in  the  course  of  research  performed  under  a  previous  USAP  contract 
(Reference  1).  The  objective  of  Part  I  of  the  present  study  is  to  investigate  the 
feasibility  of  such  an  approach. 

The  fluid  which  is  exhausted  by  any  full  scale  jet  or  rocket  engine  will  be 
referred  to  as  the  "full  scale  gas"  for  that  particular  engine.  Similarly,  the 
fluid  exhausted  by  any  model  jet  or  rocket  will  be  referred  to  as  the  "model  gas" 
for  that  particular  model.  If  the  model  uses  a  gas  which  is  different  from  the 
full  scale  gas  for  the  engine  being  modeled,  then  the  model  will  be  considered  to 
be  using  a  "substitute  gas". 

Tile  practical  reasons  for  using  substitute  gas  models  are  based  on  simplifi¬ 
cation  of  scale  model  techniques.  Model  testing  with  even  small  rocket  engines 
requires  extensive  safety  precautions.  In  addition,  a  failure  of  the  rocket 
apparatus  results  in  costly  repairs  and  delays  in  the  test  program.  The  ability 
to  conduct  a  model  test  with  a  convenient  substitute  gas  results  in  considerable 
savings  and  advantages.  These  benefits  appear  as  reduced  costs  of  test  facilities, 
apparatus,  and  operation  through  a  reduction  in  the  hazardous  nature  of  the  test 
and  the  time  required  for  testing. 

The  use  of  substitute  gases  may  also  assist  in  providing  an  understanc|ing  of 
the  theory  of  noise  generation.  For  example,  consider  two  similar  experiments 
which  have  common  values  for  a  limited  number  of  parameters.  Then  if  the  same 
noise  field  results  in  each  case,  it  may  be  concluded  that  the  parameters  which 
are  not  duplicated  either  do  not  significantly  affect  the  generation  of  noise  or 
the  effect  of  one  parameter  is  compensated  by  an  opposing  effect  of  some  other 
parameter.  By  use  of  substitute  gases,  the  matching  of  parameters  can  be  controlled 
more  leadily  and  a  systematic  sorting  of  the  important  variables  may  be  accomplished. 

The  principle  of  using  substitute  gases  applies  equally  well  to  all  classes 
of  jets,  which  include  straight  turbojets,  afterburning  turbojets,  and  liquid  and 
solid  rockets.  However,  because  of  the  greater  apparent  savings,  the  practical 
emphasis  will  be  placed  on  evaluating  substitute  gas  models  which  might  be  used  to 
simulate  rockets. 

It  is  assumed  that  the  noise  generated  by  any  exhaust  stream  is  primarily 
dependent  upon  stream  parameters  such  as  velocity,  density,  and  Mach  number  which 
can  basically  be  evaluated  by  the  measurement  of  pressures  and  temperatures.  This 
implies  that  the  noise  is  not  especially  dependent  upon  inherent  properties  of  the 
fluid  being  used,  such  as  molecular  weight  and  thermal  capacity.  This  assumption 
is  fundamental  to  the  validity  of  substitute  gas  applications  in  acoustic  scale 
model  experiments. 


Manuscript  released  by  the  authors  21  December  1962  for  publication  as  an 
ASD  Technical  Documentary  Report. 
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II.  SELECTION  OF  EXPERIMENTAL  CONDITIONS 


A.  Selection  of  Rocket  Data 


Conventional  models  which  use  actual  rocket  fuels  and  differ  from  their  full 
scale  counterparts  only  in  size  are  known  to  duplicate  full  scale  rocket  noise 
quite  well.  Considerable  acoustic  data  were  available  for  a  solid  propellant 
rocket  model* ,  having  been  obtained  during  a  series  of  rocket  firings  conducted 
by  The  Boeing  Company  for  research  purposes.  These  rocket  noise  data  included 
both  near  field  and  far  field  sound  pressure  levels  generated  by  the  rocket  with 
an  undeflected  exhaust.  Sufficient  data  were  available  to  determine  power  level 
and  directivity  as  a  function  of  frequency,  thus  providing  a  convenient  reference 
on  which  to  establish  the  validity  of  the  substitute  gas  model  through  correlation 
of  experimental  results.  In  addition,  the  same  acoustic  instrumentation  used  for 
the  reference  rocket  data  measurements  could  be  used  for  the  helium  jet  surveys, 
thus  minimizing  a  possible  error. 

The  reference  model  rocket  used  a  single  nozzle  with  an  exit  diameter  of  2.33 
inches;  it  produced  430  pounds  of  thrust  for  approximately  one  second.  Data  ob¬ 
tained  for  three  firings  of  this  configuration  were  sufficiently  repeatable  that 
only  the  average  of  the  data  from  the  three  firings  is  reported.  The  rocket  ex¬ 
hausted  horizontally  into  a  free  field,  the  centerline  of  the  exhaust  being  26 
nozzle  exit  diameters  above  the  ground  plane.  Acoustic  data  were  obtained  in  the 
far  field  at  a  radius  of  100  nozzle  diameters  from  the  nozzle  exit  and  in  the  near 
field  along  the  jet  boundary  and  forward  of  the  nozzle. 


B.  Selection  of  Significant  Flow  Parameters 


The  initial  step  in  design  of  an  experiment  is  to  select  the  parameters 
which  are  believed  to  be  significant.  In  some  instances  it  is  not  possible  to 
simultaneously  provide  the  desired  values  of  all  parameters.  Then  it  is  necessary 
to  give  preference  to  those  believed  most  importeint  or  to  perform  successive  ex¬ 
periments  to  observe  relative  effects.  It  is  desired  eventually  to  accumulate 
sufficient  experimental  evidence  of  the  re3.ative  importance  of  the  various  param¬ 
eters  so  that  experiments  may  be  designed  on  this  basis.  The  present  effort 
represents  the  beginning  of  this  accumulation  of  experimental  evidence. 

Previous  work  on  the  subject  of  substitute  gases  reported  in  Reference  1 
was  based  on  the  assumption  that  jet  exit  velocity,  density,  smu  Mach  number 
were  the  most  important  parameters  affecting  noise  generation.  However,  a 
thorough  study  of  the  subject  must  include  the  consideration  of  additional 
variables  of  possible  significance.  The  additional  variables  considered  are 
discussed  below, 

♦The  solid  propellant  was  a  standard  composition  of  polybutadiene-acrylic  acid  and 
ammonium  perchlorate  with  aluminum  additive. 
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(1)  The  work  reported  in  Reference  1  was  limited  to  ideally  expanded  jets. 

In  the  current  study  the  possible  effects  of  overexpansion  of  the  nozzle 
are  considered  by  including  the  static  gas  pressure  at  the  nozzle  exit 
as  a  variable. 

(2)  For  supersonic  exhausts  the  exit  velocity  might  be  replaced  by  the 
acoustic  velocity  at  the  throat  as  a  significant  flow  parameter. 

(J)  It  may  be  appropriate  also  to  consider  the  viscosity  of  the  gas  since 
shear  forces  in  fluids  are  dependent  on  viscosity. 

(4)  Since  the  acoustic  power  radiated  by  rockets  appears  to  be  directly 
related  to  the  jet  stream  mechanical  power,  it  is  appropriate  to 
consider  the  stream  pov/er  as  a  variable  to  be  investigated. 


C.  Selection  of  Viorking  Fluids 


The  main  problem  encountered  in  using  a  substitute  gas  to  model  a  rocket  is 
achieving  the  high  exit  velocities  of  rocket  exhaust  gases.  Within  a  practical 
range  of  plenum  pressures,  exit  velocities  of  only  a  few  times  the  acoustic  velo¬ 
city  are  possible.  It  is  therefore  desirable  that  high  acoustic  velocity  be  a 
characteristic  of  the  substitute  gas  to  be  used.  Ease  of  handling  the  gas  (absence 
of  explosive  or  toxic  properties)  is  also  an  important  consideration,  and  finally 
the  cost  must  be  considered. 

A  comprehensive  study  of  gases  which  might  be  useful  in  substitute  gas  models 
has  been  made,  resulting  in  the  information  included  in  Table  I.  Not  included  in 
this  table  are  gases  which  are  deadly  poisons  (chlorine,  phosgene,  etc.)  and  those 
which  are  obviously  much  too  expensive  to  consider  using  in  quantity  (krypton, 
xenon).  The  indications  of  hazards  associated  with  these  gases  are  intended  as 
approximations  only.  Fore  detailed  information  may  be  found  in  References  2 
through  8,  The  decision  as  to  whether  a  particular  gas  is  safe  t:-  use  must  be  made 
by  the  individual  or  group  directly  involved,  because  safety  depends  mostly  on 
the  availability  of  proper  facilities  and  experience  of  the  personnel. 

The  importance  of  Table  I  is  that  it  shows  only  ten  gases  qualifying  foi 
widespread  use  on  the  basis  of  handling  ease.  These  are  the  first  ten  of  the 
listed  gases.  Of  these  it  is  next  appropriate  to  determine  which  have  acoustic 
velocities  sufficiently  high  to  allow  their  use  at  reasonably  low  temperature  to 
achieve  simulation  of  the  rocket  exit  velocity. 

Since  the  local  velocity  is  the  local  acoustic  velocity  times  the  local 
Mach  number,  we  may  write 


Ma  = 


'gR  T 


_ _ Selecting  values  of  Y  and  R  for  a  typical  rocket,  it  is  found  that 

\/V~R  =  7.8.  The  quantity  sJy  R  has  therefore  been  chosen  to  bo  called  the 
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relative  acoustic  velocity.  This  is  then  an  index  as  to  how  hot  a  gas  must  be  in 
order  to  provide  a  desired  acoustic  velocity.  For  example,  a  gas  having  a  relative 
acoustic  velocity  of  2  would  have  the  same  acoustic  velocity  as  a  rocket  at  just 
one-fourth  of  the  absolute  temperature.  Although  the  temperature  of  concern  is 
usually  the  exit  temperature,  the  plenum  temperatures  can  be  used  for  the  purpose 
of  sorting  out  potentially  useful  gases.  Taking  6000  “R  as  a  typical  rocket 
temperature,  it  may  be  seen  that  the  velocities  could  be  approximately  matched  by 
a  gas  heated  to  1500  ®R  (the  approximate  limit  of  a  simple  burner)  if  it  had  a 
relative  acoustic  velocity  of  2.  Of  the  "safe**  gases  only  helium  qualifies.  If 
the  substitute  gas  could  be  heated  to  5500  °R,  gases  with  relative  acoustic  veloci¬ 
ties  of  about  1.5  and  greater  could  be  included.  Of  the  "safe"  gases  only  neon 
and  steam  could  then  be  considered  in  addition  to  helium,  and  for  practical  pur¬ 
poses  steam  can  be  eliminated  because  of  the  excessive  pressures  which  would  be 
required.  Neon  has  no  physical  properties  to  make  it  preferable  to  helium,  and 
it  is  more  expensive.  Helium  therefore  emerges  as  the  clear  choice  for  a  substi¬ 
tute  gas  for  modeling  rockets.  This  conclusion  might  be  altered  if  a  less  safe 
gas  were  to  be  seriously  considered,  if  the  full  scale  exhaust  being  modeled 
operated  at  significantly  lower  temperatures  than  conventional  rockets,  or  if  the 
exit  Mach  numbers  or  exliaust  velocities  of  the  substitute  and  full  seals  gas  flows 
were  permitted  to  be  different  by  a  large  amoxint. 


Flow  Parameters  of  Mod«'‘l  Solid  Propellant  Rocket  and  Helium  Substitute  Gas 
Model 


Table  II  lists  significant  flow  parameters  of  the  solid  propellant  mddel 
rocket  selected  to  pi’ovide  reference  data.  Also  listed  in  Table  II  are  param¬ 
eters  of  four  helium  flow  conditions  which  were  designed  to  have  various  flow 
parameters  numerically  equal  to  those  of  the  model  rocket. 

In  Reference  1  exit  values  of  Mach  number,  density,  and  velocity  were 
selected  as  being  the  most  important  parameters  influencing  noise  generation. 
Limitkid  experimental  data  presented  there  appeared  to  support  this  hypothesis 
as  applied  to  turbojets  and  jets  operating  in  the  afterburning  range.  As  a 
first  attempt  at  making  a  substitute  gas  model  of  a  rocket,  the  exit  Mach  number, 
density,  and  velocity  were  therefore  selected  to  be  the  same  as  those  for  the 
solid  propellemt  rocket.  This  is  helium  Condition  A  in  Table  II. 

The  work  with  substitute  gas  models  reported  in  Reference  1  applies  only  to 
fully  expanded  flows;  however,  virtually  all  rockets  produce  overexp)anded  flow 
at  the  nozzle  exit.  A  given  rocket  using  a  basic  nozzle  which  varies  only  in  the 
diameter  of  its  exit  will  produce  the  same  mass  flow,  and  within  a  few  percent 
the  same  sea  level  static  thrust.  It  does  not  seem  reasonable,  thei'efore,  to 
expect  the  noise  to  change  by  as  large  an  amount  as  would  be  predicted  by  examin¬ 
ing  velocities  and  densities  (or  jet  stream  mechanical  power)  calculated  for  the 
exit.  This  effect  for  overexpanded  exhausts  has  in  fact  been  noted  by  NASA  in 
Reference  9»  It  will  be  considered  sufficient  to  note  that  the  degree  of  over¬ 
expansion  could  logically  have  some  influence  on  the  noise  generated. 
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For  heliura  Condition  A  (Table  II)  the  exit  static  pressure  is  significantly 
lower  than  for  the  model  rocket.  It  is  therefore  noted  that  in  one  possibly 
important  respect,  helium  Condition  A  is  not  the  same  as  the  model  rocket.  Of 
the  four  flow  parameters  (Mach  number,  density,  velocity,  and  overexpansion  as 
measured  by  exit  pressure),  it  is  possible  to  provide  the  desired  values  of  only 
three  at  any  one  time  unless  the  ratios  of  specific  heats  (  7^  )  for  the  substi¬ 
tute  and  full  scale  gases  are  the  same.  Since  7^  for  helium  is  quite  different 
from  the  rocket  value  of  r  ,  the  elimination  of  overexpansion  as  a  variable  from 
the  helium  flow  requires  that  one  of  the  other  parameters  become  a  variable. 

From  the  work  of  Reference  1  it  was  concluded  that  the  effects  on  noise  of 
varying  density  over  a  limited  range  were  fairly  predictable.  Therefore,  helium 
Condition  B  (Table  II)  was  calculated  differing  from  Condition  A  in  that  the  exit 
density  was  allowed  to  increase  so  that  the  exit  pressure  would  match  the  rocket 
value.  If  the  noise  generated  is  assumed  proportional  to  the  first  power  of 
density,  the  sound  levels  from  Condition  B  will  be  1,5  db  too  high. 

The  use  of  jet  stream  mechanical  power,  W,  as  an  indication  of  the  noise  to 
be  expected  combines  flow  velocity  and  density  in  place  of  separate  consideration 
of  velocity  and  density  effects.  Helium  Condition  A  matches  the  model  rocket 
values  of  velocity  and  density  and  therefore  has  the  same  value  of  relative  jet 
stream  mechanical  power  (W^el)*  Helium  Condition  C  was  also  selected  to  piovide 
the  model  rocket  value  of  but  with  neither  velocity  nor  density  at  the 

rocket  values.  The  Mach  number  and  exit  pressure  were,  however,  maintained  at 
the  rocket  values. 

Some  data  have  been  collected  which  indicate  that  for  supersonic  flow  the 
acoustic  power  generated  is  dependent  upon  a  high  power,  possibly  tlje  eighth,  of 
the  acoustic  velocity  at  the  throat,  a'.  The  reason  for  considering  this  velocity 
as  a  possibly  important  parameter  stems  from  the  observation  that  most  of  the  noise 
generated  by  supersonic  exhausts  seems  to  come  from  well  downstream  of  the  nozzle 
in  the  subsonic  region  of  the  jet.  If  it  is  assumed  that  there  is  no  heat  loss, 
the  sonic  velocity  downstream  of  the  nozzle  is  the  same  as  the  sonic  velocity  in 
the  nozzle  throat.  For  helium  Condition  C,  a*  has  the  same  value  as  for  the 
model  rocket.  This  happened  coincidentally,  that  is,  a  helium  model  providing 
desired  values  cf  W,  and  M^  can  be  found  for  any  rocket,  but  usually  a*  will 
then  be  different.  As  it  turns  out.  Condition  C  can  be  interpreted  to  be  testing 
the  importance  of  either  a*  or 

Helium  Condition  D,  using  a  different  nozzle,  duplicated  eind  a*.  By 
almost  any  criterion  Condition  C  would  be  expected  to  be  a  better  model  than 
D,  but  D  serves  a  useful  function  in  further  separating  possibly  significant 
variables. 

To  summarize  the  helium  conditions  chosen;  (1)  Condition  A  is  expected  to 
produce  noise  different  from  the  model  rocket  only  because  of  different  over¬ 
expansion,  but  this  effect  presently  is  not  predictable;  (2)  Condition.  D  is 
expected  to  produce  the  same  noise  as  the  rocket  except  that  the  density  is  high 
by  an  amount  that  might  increase  noise  levels  by  about  1.5  db;  (5)  Condition  C 
has  erroneous  velocity  and  density,  these  errors  being  in  amounts  whicn  might 
cancel  each  other;  (4)  Condition  D  is  related  to  the  rocket  only  in  that  the 
sonic  velocity  at  the  throat  and  the  degree  of  overexpansion  are  the  same  as  for 
the  rocket,  so  the  resulting  noise  is  not  likely  to  be  t.he  same  as  for  the  rocket. 
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In  addition  to  the  above  there  are  other  helium  conditions  of  interest. 

One  oi  these  would  provide  rocket  values  for  all  of  the  exit  parameters  believed 
important  to  the  jjeneration  of  noise  except  Mach  number.  However,  the  plenum 
temperature  required  would  have  been  somewhat  higher  than  was  possible  to 
attain  with  available  facilities. 


III.  appar;.tus,  instrumentation,  and  operating  procedures 


Fig"'ire  1  sliows  schematically  the  apparatus  used  to  produce  the  desired  flow 
of  helium  and  the  instrumentation  used  to  measure  the  flow  and  the  resulting  noise. 
The  source  of  helium  is  bottles  at  2200  psi  pressure,  each  containing  213  standard 
cubic  feet  (approximately  2.2  pounds).  Since  the  rate  of  flow  possible  from  euiy 
cylinder  is  fai.rly  smc.'.ll,  28  cylinders  are  manifolded  together.  Four  large 
pressure  regulators  are  operated  in  parallel  to  control  the  flow.  The  regulators 
provide  a  large  volume  flow  at  a  pressure  slightly  below  the  pressure  provided  to 
the  dome  of  the  regulator.  Bottled  nitrogen  controlled  by  a  quick-acting  valve 
and  conventional  regulator  is  used  to  supply  the  desired  dome  pressure.  The 
regulator  therefore  acts  as  the  main  helium  on-off  valve  as  well  as  a  pressure 
regulacor.  The  discharge  from  the  pressure  regulators  passes  through  a  heat  ex¬ 
changer  to  a  plenum  and  nozzle.  Placement  of  the  pressure  regulators  upstream  of 
the  heat  exchanger  is  dictated  by  the  inability  of  the  regulator  seals  to  with¬ 
stand  high  temperatures.  The  pressure  out  of  the  regulators  is  maintained  slightly 
higher  then  the  desiri-d  plenum  pressure  to  compensate  for  the  small  pressure  drop 
across  the  heat  exchanger. 

The  heat  exchanger  is  of  the  cyclic  storage  type.  Heated  air  passes  through 
a  large  cylinder  containing  221  thick-wall  tubes  of  mild  steel.  Baffles  position 
the  tubes  inside  the  cylinder  and  force  the  hot  air  to  cross  the  outside  surfaces 
of  the  tubes  three  times,  assuring  fairly  even  temperature  distribution.  The 
helium  flow  is  in  parallel  through  the  tubes  along  a  path  separate  from  the  heated 
air.  Although  this  type  heat  exchanger  is  capable  of  continuous  operation,  it  is 
used  only  in  a  tremsient  manner,  because  relatively  hort  duration  helium  flow  is 
required.  An  advantage  of  the  tnuisient  type  operation  is  that  shutting  down  the 
heated  air  flow  prior  to  the  helium  test  pi-events  any  extraneous  noise  from  the 
hot  air  exhaust, 

Iron-constantan  thermocouples  inserted  a  few  inches  into  each  end  of  one  of 
the  helium  flow  tubes  are  used  to  determine  the  heac  exchanger  core  temperature. 

The  outputs  of  the  thermocouples  used  for  measuring  the  helium  flow  temperatures 
are  recorded  on  an  oscillograph  and  the  corresponding  temperatures  are  determined 
from  standard  tables.  The  helium  plenum  presrure  is  measured  with  a  Statham 
pressure  transducer  iind  recorded  on  the  oscillograph. 

Locations  of  the  microphones  for  the  heated  helium  ^ests  and  for  the  solid 
propellant  model  rocket  tests  are  shown  in  Figure  2,  The  noise  data  are  recorded 
on  magnetic  tape.  Playback  of  the  data  is  through  one-third  octave  band  filters 
to  a  true  rms  graphic  level  recorder.  One-third  octave  band  filters  are  considered 
sufficiently  narroi./  to  detect  any  anomalies  in  the  data.  The  helium  weight  flow 
which  can  be  provided  is  not  sufficient  to  operate  a  nozzle  the  same  size  as  the 
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model  rocket  nozzle.  A  rcale  factor  of  0.65  was  chosen  for  the  helium  nozzle  as  a 
compromise  between  near  maximum  possible  size  and  ease  of  data  reduction.  This  scade 
factor  requires  exactly  two  one-third  octaves  shift  in  frequency.  Measurements  are 
made  at  scaled  distances  so  that  no  corrections  in  sound  levels  are  required  to 
allow  direct  comparison  of  the  helium  and  solid  propellant  rocket  levels.  The  hel¬ 
ium  data  which  are  reported,  however,  have  all  been  shifted  lower  in  frequency  by 
the  two-thirds  octave  required  by  the  scale  factor.  The  total  acoustic  power  radi¬ 
ated  by  the  smaller  helium  nozzles  is,  of  course,  lower  than  that  radiated  by  the 
larger  rocket  nozzle.  A  correction  of  4  db  (assuming  power  proportional  to  nozzle 
area)  is  included  in  the  reported  helium  jet  acoustic  power  levels.  The  operating 
procedure  for  a  typical  heated  helium  test  was  as  follows:. 

1.  The  pressure  regulators  were  pre-set  to  the  desired  value.  Typically 
the  apparatus  appeared  as  in  Figure  3. 

2.  Hot  air  was  supplied  to  the  heat  exchanger  for  a  period  of  3  to  15 
minutes  as  necessary  to  heat  the  core  to  about  10“  above  the  target 
temperature.  This  tai-get  temperature  was  in  turn  20“  to  50“  above 
the  desired  helium  plenum  temperature. 

3.  Helium  supply  lines  were  opened,  the  pressure  regulators  then  acting 
as  the  only  helium  valve. 

4.  At  the  time  the  thermocouples  in  the  heat  exchanger  core  indicated 
temperatures  had  decreased  to  the  target  values,  a  ten-second  countdown 
commenced.  At  minus  five  seconds  all  recorders  were  started.  At  time 
zero,  regulated  pressure  was  applied  to  the  domes  of  the  main  pressure 
regulators  by  opening  the  quick-acting  valve.  All  recording  channels 
were  visually  monitored  for  overloading.  At  plus  two  or  three  seconds 
the  pressure  to  the  domes  was  shut  off,  causing  the  main  pressure 
regulators  to  close  off  the  helium  flow, 

5.  Necessary  notations  of  attenuator  settings,  etc,  were  made,  and  then 
all  recorders  were  turned  off, 

6.  Valves  of  the  helium  supply  bottles  were  turned  off,  and  the  pressure 
in  the  main  supply  lines  was  relieved. 

Using  this  procedure  it  was  possible  to  perform  helium  tests  with  various  plenum 
conditions  at  an  average  rate  of  about  three  per  hour.  Three  tests  at  each  of 
the  four  helium  conditions  were  conducted  with  indicated  plenum  temperature  and 
pressure  both  within  3^  of  the  target  values.  Complete  data  reduction  was 
carried  out  for  the  three  tests  at  each  condition.  For  3%  of  the  data  points, 
repeatability  to  within  ±1  db  was  observed.  Variations  of  temperature,  pressure, 
and  sound  pressure  level  during  one  of  the  helium  tests  are  shown  in  Figure  4, 


IV.  RESULTS  AND  DISCUSSION 


A,  Fair  Field  Results 


Far  field  overall  and  octave  band  sound  pressure  levels  vs.  angle  for  helium 
Conditions  A,  B,  and  C  and  the  solid  propellant  rocket  are  given  in  Figure  5* 
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One-third-octave  spectra  for  the  above  three  helium  conditions  are  compared  with 
the  rocket  spectra  at  two  locations  in  Figure  6.  Sound  levels  for  Condition  D 
are  presented  separately  in  Figure  7  and  Table  III,  The  acoustic  power  level  of 
each  octave  band  for  all  helium  conditions  was  computed  from  measured  sound 
pressure  level  data;  the  results  are  presented  in  Figure  8, 

The  directivity  of  the  noise  for  each  helium  jet  condition  and  the  rocket  is 
shown  by  octave  bands  in  Figure  9;  this  is  presented  as  a  means  of  simplifying  emd 
combining  the  information  of  Figure  5  and  Table  III.  Since  it  is  difficult  to 
select  by  eye  from  Figure  5  a  good  representative  value  for  the  angle  of  maximum 
noise  radiation,  a  graphical  approach  was  used  for  finding  the  angle  at  which  one- 
half  of  the  acoustic  power  would  be  radiated  forward  (upstream)  of  that  angle. 

This  angle  is  referred  to  as  the  angle  of  half-power  radiation.  It  is  believed 
that  this  approach  results  in  a  more  significant  indication  of  directivity  than 
by  simply  selecting  the  angle  of  maximum  sound  pressure  level  from  Figure  5»  This 
latter  method  gives  too  much  weight  to  a  single  measurement  which  might  have 
experimental  error. 


B.  Discussion  of  Far  Field  Results 


General  trends  of  agreement  with  the  rocket  data  are  seen  for  helium  Condi¬ 
tions  A,  B,  and  C  in  Figures  5i  6,  8  and  9»  The  agreement  is  best  in  the  aft 
quadrant,  where  maximum  noise  is  radiated.  The  major  deviation  of  the  helium 
data  is  that  higher  levels  are  consistently  obtained  in  the  forward  quadrant. 

Each  helium  model  differed  from  the  rocket  model  in  one  or  more  possibly  sig¬ 
nificant  flow  parameters;  therefore,  it  is  appropriate  to  investigate  whether 
there  are  logical  corrections  which  might  be  applied  in  each  case.  Since  gross 
effects  of  jet  parameters  are  usually  observed  more  uniformly  in  the  far  field 
than  in  the  near  field,  any  proposed  corrections  should  be  applied  first  to  the 
far  field  data. 

The  agreement  of  sound  level  data  between  helium  Condition  A  and  the  solid 
propellant  rocket,  in  general,  is  reasonably  good;  average  values  of  root-mean- 
square  deviations  for  fore  and  aft  quadrants  are  5,1  db  and  1,8  db,  respectively. 
The  total  radiated  acoustic  power  of  this  model  very  nearly  matches  that  of  the 
rocket  as  shown  in  Figure  8  (a).  Helium  Condition  A  differed  from  the  rocket 
primarily  in  having  a  low  exit  pressure  and  a  high  acoustic  velocity  at  the  throat. 
In  view  of  the  close  agreement  in  power  level,  apparently  no  generally  applied 
correction  in  the  sound  levels  to  account  for  these  differences  is  appropriate. 

It  may  be  seen  in  Figure  9  that  the  directivity  of  the  noise  for  Condition  A  is 
shifted  forward  from  that  of  the  rocket  at  the  higher  frequencies.  This  result 
may  possibly  be  due  to  the  differences  in  either  exit  static  pressure  or  throat 
acoustic  velocity  of  Condition  A. 

The  agreement  of  acoustic  data  for  helium  Condition  B  with  that  of  the 
rocket  is  inferior  to  Condition  A  in  the  forward  quadrant.  The  rms  deviation 
there  is  5  db  while  in  the  aft  quadrant  the  deviation  is  2  db  which  is  compar¬ 
able  to  that  of  Condition  A.  The  octave  band  power  levels  of  Condition  B  are  about 
2  db  higher  than  those  of  the  rocket  as  can  be  seen  in  Figure  8.  Helium  Condition 
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B  duplicated  the  rocket  values  of  Mach  number,  velocity,  and  exit  pressure, 
but  both  the  density  and  throat  acoustic  velocity  were  high.  Assuming  a  first 
power  correction  is  appropriate  to  account  for  the  difference  in  density,  all 
sound  levels  for  Condition  B  should  be  decreased  by  1.5  db.  Applying  this 
correction  improves  the  agreement  in  sound  pressure  levels  between  Condition  B 
and  the  rocket  and  makes  the  acoustic  power  level  curves  of  the  two  nearly 
identical.  (Condition  B  with  the  -1.5  db  correction  applied  is  called  Condi¬ 
tion  B'.)  The  directivity  of  the  noise  for  Condition  B  as  shown  in  Figure  9 
is  shifted  forward  about  3®  from  that  of  the  rocket  at  the  higher  frequencies. 
This  shift,  however,  is  less  than  for  Condition  A  so  possibly  the  duplication 
of  exit  pressure  improved  the  agreement  with  the  rocket. 

The  agreement  of  helium  Condition  C  sound  pressure  levels  with  the  rocket 
is  fair,  the  rms  deviation  being  approximately  4  db  and  3  db  in  the  forward  and 
aft  quadrants.  Power  level  agreement  between  Condition  C  and  the  rocket  is 
inferior  to  that  of  both  Conditions  A  and  B  as  may  be  seen  in  Figure  8. 

Neither  velocity  nor  density  was  duplicated  in  Condition  C,  but  these  para¬ 
meters  were  varied  in  such  a  way  as  to  produce  the  same  relative  jet  stream 
mechanical  power  as  the  rocket.  The  rocket  values  of  Mach  number,  exit  pres¬ 
sure,  and  throat  acoustic  velocity  were  also  duplicated.  Assuming  the  noise 
is  proportional  to  the  first  power  of  density  and  the  third  power  of  velocity, 
the  corrections  to  be  applied  to  the  acoustic  data  for  Condition  C  are  approxi¬ 
mately  -5  db  for  density  and  +5  db  for  velocity.  On  this  basis  it  would  be 
expected  thiat  helium  Condition  C  would  provide  reasonable  duplication  of  the^ 
rocket  noise.  When  judged,  however,  by  the  far  field  criteria  (SPL,  PWL,  and 
directivity),  helium  Condition  C  is  inferior  to  Condition  B'.  Helium  Condition 
C  indicates  an  average  shift  in  directivity  of  4°  in  the  aft  direction  when 
compared  with  the  rocket  (Figure  9)»  This  directivity  shift  is  possibly  due  to 
velocity  or  density  differences  vvhich  are  not  compensated  for  by  maintaining 
the  rocket  value  of  mechanical  power. 


From  Figure  8  (d)  it  can  be  seen  that  the  acoustic  power  level  for  helium 
Condition  D  is  much  lower  than  that  of  the  rocket.  The  design  basis  for  Condi¬ 
tion  D  was  (1)  to  provide  the  same  acoustic  velocity  as  the  rocket  at  the  nozzle 
throat  and  (2)  to  provide  the  same  nozzle  exit  pressure.  It  is  apparent  that 
these  criteria  alone  are  not  adequate  to  design  a  substitute  gas  model.  The  exit 
Mach  number  for  helium  Condition  D  was  much  lower  than  for  the  rocket.  At  present 
there  is  no  method  available  to  correct  for  this  difference.  The  density  and 
velocity  (aftd  the  jet  stream  mechanical  power)  were  also  different  from  the 
rocket  values.  Applying  corrections  for  these  parameters,  again  on  the  basis 
of  first  power  of  density  and  third  power  of  velocity,  a  net  of  7  db  must  be 
added  to  the  acoustic  power  level  for  helium  Condition  D.  (Condition  D  with 
the  density  and  velocity  corrections  applied  is  called  Condition  D'.)  With  this 
correction  included,  the  ''greement  in  power  level  with  the  ro^-ket  is  greatly 
improved  ,  but  it  is  definitely  inferior  to  Condition  B'. 
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Of  the  various  helium  conditions  evaluated  it  is  concluded  that  B'  (Condition 
B  with  a  -1.5  db  correction  for  density)  achieves  the  best  simulation  of  the 
rocket  noise  in  the  far  field.  This  conclusion  is  based  on  an  overall  evaluation 
of  sound  pressure  levels,  acoustic  power  levels,  and  directivity  data. 

In  addition  to  evaluating  the  far  field  performance  of  the  various  helium 
models,  it  is  desirable  to  explore  possible  causes  for  the  general  disagreement 
with  the  rocket  at  locations  forward  of  the  nozzle.  There  appears  to  be  a 
definite  possibility  that  the  higher  forward  quadrant  levels  for  Conditions  A, 

B,  B',  and  C  are  caused  by  reflections  from  building  structure  in  the  vicinity  of 
the  helium  test  area.  Higher  power  is  radiated  at  larger  angles  (e.g.  120°) 
relative  to  the  forward  jet  aixis  than  at  smaller  angles  (e.g.  50°).  If  reflection 
from  a  wave  is  seen  at  the  desired  measurement  position  located  at  the  smaller 
angle,  then  the  reflected  and  incident  pressures  will  combine  to  produce  a  higher 
sound  level.  A  brief  analysis  of  the  present  situation,  considering  the  SPL 
differences  and  particular  geometry  involved,  indicates  that  levels  may  be  about 
5  db  high  at  the  30°  measurement  location;  smaller  increases  are  associated  with 
measurement  locations  at  larger  angles  up  to  90°.  Since  the  rocket  tests  were 
conducted  at  a  different  test  site  which  was  well  removed  from  buildings,  the 
reference  rocket  data  are  not  believed  to  contain  this  type  of  error.  It  appears, 
then,  that  a  large  part  of  the  forward  quadrant  deviations  of  the  helium  data 
relative  to  the  rocket  might  be  explained  by  the  effect  of  reflections. 


C.  Near  Field  Results 


One-third  octave  band  sound  pressure  levels  for  all  near  field  microphone 
locations  for  the  rocket  and  helium  Conditions  A,  B,  and  C  are  plotted  in  Figure 
10  (a-i).  Octave  band  data  for  helium  Condition  D  are  presented  in  tabulated  form 
only  (Table  III),  Because  the  condenser  microphones  used  at  locations  close  to 
the  exhaust  were  limited  in  response  at  the  high  frequency  end  of  the  spectrum, 
only  the  data  in  the  frequency  range  160-10,000  cps  are  reported.  The  higher 
frequency  capability  of  the  M-213  crystal  microphone  would  have  been  preferred, 
but  the  approximately  l40-l60  °F.  temperature  limitation  on  these  microphones 
was  considered  to  be  too  low  in  view  of  the  proximity  to  the  exhaust. 

Figure  11  shows  the  apparent  source  locations,  as  a  function  of  frequency, 

for  the  four  helium  models  and  the  solid  propellant  rocket  as  determined  from 
the  near  field  data.  These  curves  were  obtained  by  cross-plotting  the  data  of 

Figure  10  into  a  form  which  shows  sound  pressure  level  versus  distance  along  the 

exhaust  and  forward  of  the  nozzle.  The  apparent  source  location  was  determined 
by  taking  the  mid-location  of  the  region  where  the  sound  pressures  were  down  3  db 
from  the  highest  level  measured. 
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Discussion  of  Near  Field  Results 


General  trends  in  agreement  with  the  near  field  rocket  levels  are  seen  for 
helium  Conditions  A,  B,  and  C  (Figiire  10,  a-i).  In  contrast  with  the  far  field 
situation,  there  is  no  strong  *-'ndency  for  th^  helium  levels  to  be  higher  than 
those  of  the  rocket  for  locations  forward  of  the  nozzle. 


r) 


For  helium  Condition  A  the  agreement  of  near  field  sound  pressure  levels 
with  the  rocket  is  reasonably  good,  except  for  microphone  locations  8  and  9 
(Figure  10,  h  and  i).  An  average  value  of  rms  deviation  computed  for  all  near 
field  locations  is  about  3.5  db,  this  figure  being  strongly  influenced  by  the 
poor  agreements  at  the  two  far  downstream  positions.  Location  of  the  low  fre¬ 
quency  sources  in  the  jet  compared  to  the  rocket  is  only  fair  as  indicated  in 
Figure  11. 

Sound  pressure  levels  for  Condition  B  are  in  closer  agreement  with  the 
rocket,  the  rms  deviation  averaging  slightly  over  2  db  for  all  nine  near  field 
locations.  Application  of  the  -1.5  db  correction  for  density  to  the  SPL  data 
for  Condition  B  does  not  significantly  change  the  near  field  agreements  The 
apparent  source  locations  for  Condition  B  are  on  an  average  closer  to  those  of 
the  rocket  than  for  Condition  A;  however,  they  do  not  appear  to  be  distributed 
over  as  large  a  region  of  the  jet  as  are  the  rocket  sources. 

The  near  field  agreement  of  sound  levels  for  Condition  C  with  that  of  the 
rocket  is  comparable  to  that  of  Condition  B  and  B*.  The  apparent  source 
locations  for  Condition  C  also  exhibit  a  similar  distribution  in  the  jet  as 
shown  in  Figure  11. 

Helium  Condition  D  shows  a  distribution  of  apparent  source  locations  greatly 
different  from  that  of  the  rocket.  This  feature  eliminates  any  hope  that  appli¬ 
cation  of  a  general  correction  in  SPL  to  Condition  D  will  succeed  in  making 
it  a  satisfactory  model  for  simulating  rocket  noise. 

It  is  concluded  that  the  best  simulation  of  near  field  rocket  noise  is 
achieved  with  helium  Conditions  B,  C,  and  B’  (B  corrected  for  density)  and  that 
there  is  little  significant  difference  between  these  three  conditions  on  an 
overall  basis.  The  reflection  problem  discussed  for  the  far  field  data  does  not 
occur  in  the  near  field  because'  the  ratic  of  incident  to  reflected  pressure  is 
much  higher  in  the  case  of  the  near  field. 


Summary  of  Performance 


Overall  performance  of  the  various  helium  models  is  sunmiarizod  in  Table  IV 
by  showing  deviations  from  the  reference  rocket  for  both  near  and  far  field 
criteria.  Rank  orders  of  agreement  with  the  rocket  for  the  helium  conditions  are 
indicated  along  with  root-mean-square  deviations  from  the  rocket  values. 
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Condition  B'  clearly  ranks  highest  in  its  overall  ability  to  achieve  simu¬ 
lation  of  rocket  noise.  This  appears  to  be  a  reasonable  result  because  Mach 
number,  velocity,  and  static  pressure  were  duplicated,  and  density  was  accounted 
for  by  a  small  correction.  Condition  B  ranks  second  best,  but  there  is  no  reason 
to  consider  using  this  condition  without  the  correction  for  density. 

Helium  Conditions  A  and  C  appear  to  rank  next  in  their  overall  ability  to 
achieve  rocket  simulation;  Condition  A,  however,  is  better  in  the  far  field,  and 
Condition  C  is  better  in  the  near  field.  Condition  A  lacks  the  duplication  of 
the  rocket  static  pressure  which  Conditions  B  and  B'  provide.  Condition  C  fails 
to  duplicate  both  velocity  and  density  by  rather  large  amounts;  however,  in  effect, 
compensating  corrections  for  velocity  and  density  are  applied  by  maintaining  the 
relative  jet  stream  mechanical  pov/er  at  the  rocket  value. 

Condition  D  clearly  ranks  lowest  of  all  the  helium  models.  Failure  to 
duplicate  three  important  parameters  (Mach  number,  velocity,  and  density)  obviously 
explains  the  lack  of  simulation.  Application  of  SPL  corrections  to  account  for 
differences  in  velocity  and  density  (Condition  D')  makes  the  agreement  with  the 
rocket  better  for  far  field  locations.  These  corrections,  however,  do  little  to 
improve  the  near  field  agreement  apparently  because  the  source  locations  of  the 
rocket  are  not  duplicated.  Conditions  D  and  D*  are  considered  to  be  unacceptable 
models. 

In  summarizing  the  performance  of  the  helium  models,  a  brief  discussion  of 
the  significance  of  the  deviations  from  the  rocket  values  is  in  order.  Experience 
in  making  sound  measurements  around  rockets  and  jets  (full  scale  and  model)  has 
shown  that  some  inconsistencies  appear  in  the  data  in  almost  any  measurement 
program.  For  example,  at  one  or  more  microphone  positions,  sound  levels  may  appear 
incompatible  with  the  remainder  of  the  data,  or  a  few  frequency  band  levels  may  be 
displaced  from  an  otherwise  smooth  SPL  vebsus  frequency  curve.  Whether  these 
discrepancies  are  caused  by  instrumentation  difficulties,  faulty  technique,  lack 
of  free  field  conditions,  faulty  operation  of  the  rocket  or  jet,  or  other  causes, 
they  can  usually  be  reduced  considerably  by  additional  testing  which  is  designed  to 
investigate  the  specific  problem.  Inconsistencies,  which  are  often  more  noticeable 
with  cross  plotting,  are  apparent  in  both  the  helium  and  the  rocket  data.  The 
problem  is  magnified  in  the  present  study  because  the  helium  data  are  necessarily 
being  compared  with  reference  rocket  values  which  may  themselves  include  experi¬ 
mental  error.  The  inconsistencies  frequently  tend  to  disappear,  however,  if  all  the 
test  data  are  viewed  as  a  whole  rather  than  individually.  For  example,  the  mean 
deviation  in  SPL  from  the  rocket  computed  for  all  near  field  measurement  locations 
for  Condition  B'  is  -0.8  db;  whereas,  the  average  value  of  rms  deviation  is  about 
3  times  as  large,  and  individual  frequency  bands  of  specific  test  points  show 
deviations  up  to  ±7  db. 
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V.  CONCLUSIONS 


The  substitute  gas  model  technique  shows  good  potential  for  becoming  a 
practical  method  for  experimentally  investigating  rocket  noise.  Sufficient 
evidence  for  helium  models  is  presented  to  indicate  that  the  substitute  gas 
modeling  concept  is  valid,  i.e.,  if  the  essential  flow  parameters  are  dupli¬ 
cated,  rocket  noise  simulation  can  be  achieved.  The  principal  problem  is  in 
providing  simultaneously  the  desired  values  for  the  essentia]  parameters,  or 
in  determining  appropriate  sound  pressure  level  corrections  for  unavoidable 
deviations  from  these  desired  values. 

Of  the  four  helium  models  tested,  the  model  which  provided  the  rocket 
values  of  Mach  number,  velocity,  and  exit  pressure,  and  near  duplication  of 
density  performed  best.  This  evaluation  is  based  on  agreement  of  sound  pres¬ 
sure  levels  with  the  reference  rocket  in  both  the  near  and  far  field.  A  small 
correction  to  account  for  the  difference  in  density  is  required. 

Limitations  of  the  present  helium  model  data  are  (1)  lack  of  sufficient 
information  to  design  an  optimum  substitute  gas  model,  (2)  lack  of  adequate 
near  field  high  frequency  data  to  define  the  region  at  and  beyond  the  peak  of 
the  spectrum,  and  (3)  larger  sound  pressure  level  deviations  from  the  rocket 
values  than  desired  at  some  measurement  locations. 

Further  investigations  could  result  in  (1)  quantitative  determination 
of  the  effects  of  varying  the  different  gas  flow  parameters,  (2)  selection 
of  a  near  optimum  design  for  a  substitute  gas  model  of  a  given  rocket,  and 
(3)  substantial  evidence  required  to  verify  the  ability  of  the  substitute 
gas  model  to  duplicate  rocket  noise  under  a  variety  of  conditions,  i.e.,  at 
numerous  near  and  far  field  locations  throughout  the  frequency  range  of 
interest  for  various  nozzle  and  deflector  configurations. 
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APPENDIX  I 


PROCEDURE  FOR  CALCULATING  SUPERSONIC 


HELIUM  FLOW  PARAMETERS  FOR  SUBSTITUTE  GAS  EXPERIMENTS 


The  fact  that  helium  is  very  nearly  an  ideal  gas  allows  its  flow  parameters 
to  be  r'jadily  calculated.  Reference  10  lists  important  ratios  of  area, 
pressure,  etc.  by  increments  of  0.01  in  Mach  number  for  supersonic  helium  flow. 
These  ratios  and  the  perfect  gas  law  are  sufficient  to  allow  calculation  of 
any  helium  flow  parameter  of  interest;  however,  the  following  equations  will 
simplify  the  calculation.  In  some  of  the  equations  constants  have  been  introduced 
in  order  to  be  consistent  with  the  dimensional  system  used  throughout  this  report 
(see  List  of  Symbols).  In  other  cases  numerical  values  have  been  assigned  to 
physical  constants  for  helium  in  order  to  simplify  use  of  the  equations. 


a  =\/7'gRT  =  143.8  \/T 


a*  =  124.5 

m  p 

r  R  T 


=  0.372  I 


The  additional  equation 


p  =  0.6495p^ 


may  be  useful  when  the  problem  is  to  evaluate  weight  flow  and  only  the  plenum 
conditions  are  known. 

The  nozzle  size  will  in  general  be  limited  by  the  rate  of  helium  flow 
which  can  be  provided  with  the  required  plenum  conditions.  It  is  therefore 
important  to  evaluate  the  rate  of  weight  flow 

i  ^  jOAV  .  (6) 

The  latter  expression  utilizes  the  quantities  which  are  most  generally  useful. 


Since  jet  stream  mechanical  power  is  customarily  expressed  in  watts,  it 
may  be  evaluated  as 


W  ^  0.021  w 


;  «  0.021  p  A  V" 


The  usixal  problem  in  designing  a  substitute  gas  flow  experiment  using 
helium  will  start  with  a  complete  description  of  the  flow  for  the  rocket  to 
be  modeled.  It  is  possible  to  duplicate  all  of  the  rocket  parameters  simul¬ 
taneously  only  if  the  ratios  of  specific  heats  are  the  same  for  both  gases. 
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Since  the  ratio  of  specific  heats  is  much  higher  for  helium  than  for  any 
practical  gas  which  it  may  be  desired  to  model,  it  is  necessary  to  compromise 
on  the  values  for  one  or  more  flow  parameters. 

It  is  usually  possible  and  convenient  to  pre-select  the  Mach  number  of 
the  flow.  If  this  is  done,  a  tabulation  should  be  made  of  the  ratios  P/P^, 

V/a*  from  reference  10, 

Once  the  Mach  number  and  nozzle  area  ratio  are  determined,  the  exit 
pressure  is  simply  the  plenum  pressure  multiplied  by  the  tabulated  pressure 
ratio,  unless  the  flow  separates  from  the  nozzle.  Separation  does  not  occur 
if  the  exit  pressure  is  at  least  0.4  of  the  local  ambient  pressure.  It  may  be 
possible  to  use  lower  exit  pressures,  but  it  would  be  necessary  first  to  measure 
pressures  in  the  nozzle  in  order  to  detect  the  possible  occurrence  of  flow 
separation. 

The  exit  velocity  is  the  Mach  number  times  the  exit  acoustic  velocity. 

Once  a  Mach  number  is  chosen,  velocity  is  determined  by  temperature  alone. 
Density  is  dependent  on  both  temperature  and  pressure. 

Illustration  No.  1:  Given  M  and  V  for  a  helium  model. 

e  e 

1,  Find  a*  from  tabulated  value  of  V/a*. 

2,  Calculate  by  equation  (3). 

3,  Select  P^;  find  P^  from  tabulated  value  of  P/P^* 

4,  Calculate^  ^  by  equation  (4);  evaluate  ^  from  tabulated 
value  of/Vp^,  and  then  determine^  by  equation  (5)* 

5,  Evaluate  the  rate  of  weight  flow  by  equation  (6) ,  selecting 
nozzle  size  in  the  process, 

(Steps  3  and  4  above  could  readily  be  interchanged.) 

Illustration  No.  2;  Given  M  and  P  for  a  helium  model. 

e  e 

1,  Find  P^  from  tabulated  value  of  P/Pj;» 

2,  Select  a  value  of evaluate  Tg  from  equation  (4), 

3,  Evaluate  T^  from  tabulated  value  of  T/T^. 

4,  Determine  a*  from  equation  (3), 

5,  Find  V  from  tabulated  value  of  V/a*. 

(At  step  2,  the  procedure  could  as  well  be  reversed  to  first  select 
a  velocity,  and  then  find  the  necessary  tempr-^ature  and  density.) 

Illustration  No,  3:  Given  V  and  P  for  a  helium  model. 

e  e 

1.  Select^gj  evaluate  Tg  by  equation  (4). 

2,  Determine  a^  from  equation  (2), 

3.  Determine  Mg  as  Vg/a  , 

4,  Tabulate  the  appropriate  ratios  from  reference  10,  and  proceed 
with  evaluating  other  quantities  required. 
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No^e :  Helium  jet  flow  parameters  which  are  numerically  equal  to  the  corresponding 

solid  propellant  model  rocket  flow  parameters  are  xmderlined. _ _ 
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Figure  5*  Continued. 
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SOUND  PRESSURE  LEVEL  IN  DB  RE  0.0002  MICROBAR 


SOUND  -PRESSURE  LEVEL  IN  DB  RE  0.0002  MICROBAR 


(b)  120®  far  field  point  at  100  MD  radial  distance. 
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OCTAVE  BAUD  SOII.'D  TOESSURE  LEVEL 
TI  DB  RE  0.0002  HICRODAR 


Helixcn  A 


Apparent  source  locations  Tor  one-third  octave  bands  of  noise  as  determined 
by  microphones  placed  close  to  the  exliaust. 


I.  INTRODUCTION 


In  recent  years  a  concerted  effort  has  been  made  to  investigate  the  basic 
mechanism  of  noise  generation  by  aerodynamic  flow.  To  a  large  extent,  the  results 
of  these  investigations  have  been  applied  to  stationary  jet  and  rocket  engines. 
However,  for  a  more  complete  study  of  noise  fields  associated  with  flight  vehicles, 
the  effects  of  vehicle  motion  must  also  be  considered.  Relatively  little  progress 
has  been  made  in  obtaining  sufficient  experimental  data  which  substantiate  existing 
theories  on  the  effects  of  motion.  It  has  been  difficult  to  obtain  measurements 
of  the  type  required  to  substaintiate  such  theories  during  the  course  of  normal 
flight  test  programs  because  of  such  problems  as:  (1)  extraneous  noise  from 
additional  engines,  (2)  changing  engine  and  flight  conditions,  (3)  extraneous 
noise  from  the  vehicle  boundary  layer  and  noise  generated  by  turbulence  around 
the  microphone. 

The  purpose  of  this  program  is  to  investigate  the  effects  of  flight  vehicle 
motion  on  propulsion  system  noise  which  is  propagated  to  parts  of  the  vehicle 
located  in  the  near  field  of  the  jet  or  rocket  engine.  The  major  emphasis  is 
placed  on  obtaining  controlled  experimental  data  which  can  be  compared  with  theory. 

The  approach  taken  in  this  investigation  was  as  fo].lows: 

1.  A  study  as  made  of  the  various  methods  which  might  be  used  for 
theoretically  predicting  the  effects  of  motion  on  noise,  following 
this  study,  a  working  hypothesis  was  developed. 

2.  A  survey  was  made  of  various  approaches  which  might  be  used  for 
measuring  the  effects  of  motion  experimentally,  A  scale  model  jet 
operating  in  a  small  wind  tunnel  was  selected  as  the  best  approach. 

3.  A  limited  experimental  program  was  conducted  to  obtain  noise  data  at 
various  operating  conditions  of  the  wind  tunnel  and  jet. 

4.  Experimental  results  were  then  compared  with  those  predicted  by  theox’y. 

A  literature  survey  was  initially  made  of  previous  work  related  to  the 
general  subject  of  motion  effects  on  noise.  The  more  pertinent  features  as 
revealed  by  this  survey  are  SvUiiraarized  below. 

In  the  general  development  of  the  theory  of  noise  generation  from  aerodynamic 
sources,  Lighthill^^  shows  that  convection  of  quadrupole  sources  increases  the 
noise  radiated  in  the  direction  of  convection^.  This  is  introduced  as  a  plausible 
explanation  for  the  fact  that  the  noise  radiated  from  a  jet  is  greater  in  the 
downstream  direction  than  in  the  upstream  direction, 

12 

Ostreicher  develops  equations  for  the  sound  field  from  sources  of  a  general 
multipole  nature  which  are  moving  with  subsonic  speed  in  a  viscous  compressible  gas. 

A  general  procedure  for  referring  the  data  observed  at  a  point  on  the  ground 
to  the  noise  emitted  by  an  airplane  during  a  fly-by  is  presented  by  Cole,  et  al.^-^ 
Taken  into  account  are  the  difference  in  time  of  emission  and  observation,  inverse 
square  loss,  sound  absorption  in  the  atmosphere,  and  Doppler  effect.  This  method 
permits  evaluation  of  the  acoustic  power  generated  by  a  moving  jet. 
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Reference  is  made  by  Powell  to  theoretical  work  on  the  influence  of  an 
social  motion  of  external  air  flow  on  the  spreading  characteristics  of  a  jet. 
Similarity  considerations  result  in  the  following  conclusions  for  the  region 
immediately  downstream  of  the  nozzle,  all  expressed  relative  to  the  situation 
when  external  air  flow  is  absent;  (1)  the  power  generated  per  unit  length  along 
the  aocis  is  reduced,  and  the  region  of  generation  is  extended  because  the  jet 
itself  is  extended;  (2)  the  characteristic  frequency  generated  at  any  given 
station  is  increased;  (3)  the  power  generated  at  any  particular  frequency  is 
decreased,  but  the  rate  of  change  of  power  generation  with  frequency  is  unchanged. 
Similar  but  tentative  results  are  described  for  the  region  well  downstream  of  the 
jet  core. 

Franken,  et  al.^^,  estimated  the  effect  of  motion  on  jet  noise  by  assuming 
a  model  which  is  a  simple  source  attached  to  the  vehicle.  This  leads  to  the 
result  that  for  an  attached  source,  motion  of  the  vehicle  tends  to  increase  sound 
levels  in  the  direction  of  motion.  In  the  absence  of  supporting  experimental 
data,  Franken^®  later  concD.uded  that  the  analytical  method  related  to  sources  not 
attached  to  the  vehicle  as  suggested  by  Powell^7  is  more  reasonable.  Franken  then 
derived  a  relationship  between  the  angle  of  propagation  from  the  source  to  a 
receiver  attiiched  to  the  vehicle  when  the  vehicle  is  in  motion  and  the  correspond¬ 
ing  angle  when  there  is  no  vehicle  motion.  This  results  in  a  general  procedure 
for  estimating  the  change  to  be  expected  in  a  noise  field  due  to  vehicle  motion. 

In  reference  17  Powell  considers  the  specific  case  of  noise  radiated  directly 
forward,  as  to  a  rocket  vehicle  from  the  rocket  exhaust.  It  is  suggested  that  the 
noise  on  the  moving  vehicle  decreases  because  of  two  effects:  (1)  the  total 
acoustic  power  decreases  as  the  third  power  of  the  relative  exhaust  velocity,  and 
(2)  an  inverse  square  type  of  loss  occurs  because  of  the  increased  distance  that 
the  sound  must  travel  between  the  source  and  the  receiver  located  on  the  vehicle, 
i.e.,  the  receiver  moves  away  from  the  source. 

l3 

Williams  derives  a  method  of  calculating  the  noise  field  generated  by  a 
jet  by  considering  the  convection  of  eddies  in  the  flow  and  the  effects  of  exter¬ 
nal  flow.  An  equation  results  which  defines  a  correction  factor  to  be  applied  to 
the  noise  field  measured  in  the  absence  of  external  flow  to  allow  for  the  presence 
of  external  flow.  Thus  at  a  particular  point  in  the  static  noise  field  generated 
by  a  stationary  vehicle,  a  correction  expressed  in  decibels  for  the  effect  of 
vehicle  motion  can  be  calculated  if  there  is  given  the  ambient  speed  of  sound,  the 
vehicle  velocity,  the  jet  velocity  relative  to  the  vehicle  velocity,  and  the  eddy 
convection  velocity  expressed  as  a  fraction  of  the  jet  exit  velocity.  (The 
practical  usefulness  and  experimental  verification  of  this  expression  is  limited  by 
lack  of  knowledge  of  values  to  assign  to  the  eddy  convection  velocity.) 

19 

Eldred  ^  has  shown  that  a  receiver  attached  to  a  vehicle  is  expected  to 
receive  different  noise  for  varying  vehicle  velocities.  An  expression  is  derived 
relating  the  angle  of  propagation  from  source  to  receiver  when  the  vehicle  is 
stationary  to  the  corresponding  angle  when  there  is  vehicle  motion.  This  expres¬ 
sion  is  mathematically  equivalent  to  that  derived  by  Franken. 
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II.  HYPOTHESIS  MD  DISCUSSION 


Based  on  the  methods  suggested  by  Franken  ,  Powell  ^ ,  and  Eldred  a 
working  hypothesis  has  been  developed  which  is  considered  to  best  explain  the 
effects  of  vehicle  motion  on  jet  noise.  This  hypothesis  consists  of  two  parts 
as  stated  below: 

1,  Generation  —  The  noise  generated  by  a  jet  exhaust  is  a  function  of  the 

relative  jet  velocity  only,  i.e.,  the  noise  generated  by  a  jet  with 
exhaust  velocity  which  is  in  motion  at  velocity  S  is  identical  to  the 
noise  generated  by'^'a  stationaiy  jet  with  exhaust  velocity  ^2  ~  ~ 

2,  Propagation  —  During  the  time  that  the  noise  is  propagating  away  from 
the  source,  a  receiver  attached  to  the  vehicle  is  moving  throvigh  the 
noise  field  and  therefore  receives  noise  which  would  have  passed 
forward  of  the  receiver  had  the  vehicle  been  stationary. 


Referring  to  Figure  12,  the  angle^  specifies  the  direction  of  a  receiver  at 
point  R  relative  to  the  source  at  time  The  noise  radiated  from  the  source  at 

time  t  travels  at  the  finite  velocity  01  sound  and  reaches  the  moving  receiver  at 
a  later  time  t^.  At  time  t^,  the  receiver  is  at  a  new  position  R'  and  therefore 
intercepts  noise  which  was  radiated  from  the  source  at  t  ,  not  at  the  angle  , 
but  at  a  smaller  angled  ,  The  relationship  between  the  angles  0^  and  ^^is  given 
by  the  following:  ' 


sin  ^ 
cos  eC  -  M 


(The  derivation  of  this  equation  as  presented  b,7  Eldred  ^  is  shown  in  Appendix  II.) 
The  relationship  vs,  ^  is  plotted  in  Figure  13  for  various  values  of 

Mach  number. 


B,  Discussion 


The  validity  of  the  above  hypothesis  is  dependent  upon  two  assumptions: 

(1)  that  jets  with  the  same  relative  jet  velocity  are  dynamically  similar  and 
therefore  generate  the  same  noise,  and  (2)  that  a  far  field  type  of  radiation  can 
be  applied  to  the  near  field  outside  the  liydrodynamic  region  of  the  jet.  It  is 
appropriate  to  consider  these  assumptions  separately  in  greater  detail. 

Noise  Generation  —  It  is  essential  to  distinguish  between  changes  in  the 
radiated  noise  field  which  result  from  changes  in  exhaust  flow  parameters  and 
those  which  are  due  to  vehicle  motion.  It  is  therefore  necessary  that  flow 
parameters  which  influence  noise  generation  have  essentially  constant  values 
with  changing  vehicle  velocity,  or  to  somehow  account  for  the  changes  in  the 
noise  field  when  the  desired  values  of  these  parameters  cannot  be  maintained  as 
constants. 
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Jet  exhaust  noise  from  a  stationary  jet  is  generated  by  turbulence  resulting 
from  shear  forces  produced  by  the  high  speed  exhaust  stream  in  the  surrounding 
atmosphere.  The  intensities  of  these  shear  forces  are  directly  related  to  the 
velocity  of  the  jet  relative  to  the  surrounding  air.  It  is  reasonable  to  assume 
that  when  a  jet  is  moved  through  the  surrounding  air  in  a  direction  opposite  to 
the  jet  flow,  the  jet  noise  power  will  be  reduced  because  of  decreased  shear 
action.  Relative  exit  velocity  (V  -  S)  of  a  moving  jet  is  therefore  assumed  to 
be  equivalent  to  jet  exit  velocity  (V)  in  the  stationary  situation.  This  assump¬ 
tion  is  made  by  Powell  in  Reference  17;  likewise,  in  a  number  of  other  references 
relative  velocity  is  used  as  a  significant  parameter. 

Noise  Propagation  —  Rer''rences  l6  and  19  describe  the  effect  of  venicle 
motion  on  the  propagation  of  noise  from  a  jet  exhaust,  i.e.,  a  receiver  attached 
to  the  vehicle  moves  through  the  noise  field.  Since  this  method  assumes  the 
source  of  a  particular  frequency  to  be  located  at  a  particular  point  (in  contrast 
to  an  extended  region  in  the  jet),  it  is  basically  applicable  to  the  far  field. 

It  is  desired,  however,  to  apply  this  method  to  the  near  field  outside  the  hydro- 
dynamic  region  of  the  jet.  The  hydrodynamic  field  cannot  be  expected  to  behave 
like  the  far  field.  It  appears,  however,  that  the  hydrodynamic  field  considerations 
are  not  applicable  beyond  about  five  nozzle  diameters  from  the  jet;  by  restricting 
the  receiver  to  locations  outside  this  boundary,  this  complication  can  be  disre¬ 
garded. 

The  approximate  source  location  of  each  frequency  band  of  interest  can  be 
determined  experimentally  by  measuring  noise  levels  along  the  jet  exhaust  boundary 
and  determining  the  region  where  the  maximum  noise  levels  in  that  band  are  observed. 
By  this  method  an  apparent  point  source  for  that  band  of  noise  in  the  exhaust  can 
be  determined  to  a  probable  accuracy  of  one  or  two  nozzle  diameters.  For  a 
receiver  located  beyond  eight  nozzle  diameters  from  the  apparent  point  source, 
the  source-receiver  angular  relationship  can  be  reasonably  approximated,  'The  only 
limitation  on  the  ability  of  a  near  field  experiment  to  verify  the  propagation 
convection  effect  is  the  fact  that  the  sources  appear  to  the  receiver  to  be  distri¬ 
buted  over  finite  regions.  This,  however,  does  not  seem  to  be  a  prohibitive  limi¬ 
tation. 

Franken^^  and  Eldred^^  both  point  out  that  a  change  in  wave-length  may  be 
expected  at  any  receiver  for  any  particular  frequency  when  there  is  vehicle  motion. 
This  is  not  caused  by  a  Doppler  frequency  shift,  but  instead  it  results  from  a 
change  in  the  effective  propagation  velocity  only.  This  effect  is  not  of  immedi¬ 
ate  concern  in  the  current  study  as  it  is  a  refinement  in  defining  the  noise  field 
secondary  in  importance  to  determination  of  magnitude  and  frequency. 


C.  Procedure  for  Predicting  Effects  of  Vehicle  Motion 


The  general  procedure  for  predicting  the  effect  of  motion  on  noise  in 
accordance  with  the  previously  stated  hypothesis  is  first  to  account  for  the 
effect  of  reduced  relative  velocity  and  then  to  shift  the  noise  field  obtained 
for  the  stationary  case  aft  by  a  calculated  amount.  A  step-by-step  procedure 
is  outlined  for  predicting  the  sound  pressure  level  which  will  occur  at  a 
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specific  vehicle  location  in  a  particular  frequency  band  for  a  particular  Mach 
number  by  using  measured  noise  data  from  a  stationary  engine  test, 

1.  For  a  given  stationary  jet,  obtain  the  jet  exhaust  velocity  (V- )  and 

the  density  ratio  (  eyfj- . _  / 

2,  From  the  given  vehicle  velocity  (S),  calculate  the  relative  jet 

velocity  (V2  =  -  S), 

3»  Operate  the  stationary  jet  at  the  relative  jet  velocity  (V^)  of  (2) 
above  and  at  the  density  ratio  of  (1)  above.  Locate  the  apparent 
source  of  the  frequency  band  of  interest  by  measuring  the  sound 
pressure  level  a].ong  the  jet  boundary  and  determining  the  point  where 
a  maximum  occurs, 

4,  Determine  ^  (azimuth  from  source  to  receiver)  for  the  receiver  location 
of  interest  (R)  from  consideration  of  the  geometry  alone  (Figure  12), 

5,  From  the  given  vehicle  Mach  number  (M),  determine  tC  from  Figure  13  or 
by  calculation  of  Equation  8, 

6,  Locate  a  microphone  at  R*  at  azimuth  oC  and  at  the  same  perpendicular 
distance  from  the  jet  axis  as  R. 

7,  Operating  the  jet  as  in  (3)  above,  measure  the  noise  at  R'  in  the 
frequency  band  of  interest.  The  hypothesis  predicts  that  this  is 
the  noise  that  will  be  found  at  the  location  of  interest  (R)  when 
the  jet  specified  in  (1)  above  is  moving  at  the  given  Mach  number. 

In  practice  the  above  procedure  may  be  readily  modified  so  that  one 
stationary  engine  run  serves  the  functions  of  (1)  determining  the  source 
locations  of  all  frequency  bands  arid  (2)  measuring  sound  pressure  levels  on 
any  line  parallel  to  the  jet  axis.  Then  by  interpolation,  predictions  can  be 
made  for  all  frequencies  of  interest  at  many  locations  for  a  given  vehicle  ve¬ 
locity,  One  stationary  run  is  necessary  for  each  desired  vehicle  velocity. 

The  experiments  reported  here  were  all  performed  in  a  wind  tunnel  instead 
of  using  a  moving  vehicle.  Although  separate  mathematical  derivations  may  be 
made  from  either  viewpoint,  the  expected  results  are  the  same.  Throughout  the 
remainder  of  this  report  the  wind  tunnel  test  results  are  presented  as  being 
applicable  to  either  situation. 


III.  TEST  APPARATUS,  INSTRUMENTATION,  AND  PROCEDURE 


A,  Selection  and  Description  of  Apparatus 


A  number  of  existing  facj-lities  were  evaluated  for  possible  use  in 
determining  the  effect  of  vehicle  motion  on  jet  noise.  These  included  jet 
airplanes,  a  rocket  sled,  and  large  wind  tunnels.  However,  each  of  these  were 
ruled  out  on  the  basis  of  excessive  background  noise,  high  operating  costs,  or 
difficulty  in  providing  suitable  instrumentation. 

Tlie  apparatus  selected  for  use  on  this  program  was  a  l6-inch  diameter 
induction  wind  tunnel.  Ttie  basic  features  of  this  apparatus  can  best  be 
described  using  Figure  l4.  The  propulsive  source  was  the  pi'ant  supply  of 
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compressed  air  which  was  introduced  through  an  annular  injector  downstream  of 
the  test  section.  The  injector  design  was  based  on  the  work  of  Knov/ler  and 
Holder^^.  Ttie  downstream  position  of  the  injector  allowed  the  introduction  of 
a  sonic  block  to  prevent  the  noise  from  the  propulsive  system  from  reaching  the 
test  section.  In  order  to  minimize  background  noise,  an  attempt  was  made  to 
match  the  size  of  the  sonic  plug  to  airflow  at  high  velocities.  The  injector 
introduced  air  at  an  angle  of  10°  to  the  tunnel  axis.  The  injector  slot  width 
was  variable  up  to  a  maximum  of  0,33  inches.  The  width  normally  used  was  0,25 
inches  as  this  resulted  in  the  optimum  relationship  between  tunnel  efficiency 
and  low  background  noise. 

To  minimize  the  problem  of  reverberation  e  ffec  ts  anticipated  in  such  a 
small  test  section,  the  tunnel  wall  was  made  of  sound  absorptive  material, 
Fiberglas  PF-615,  a  6  lb/ft3  board,  was  cut  into  annular  rings  whose  inside  and 
outside  diameters  were  l6  inches  and  24  inches,  respectively.  Forty-eight 
1-inch  rings  were  placed  side  by  side,  with  occasional  one-eighth  inch  thick 
aluminum  rings  for  strength,  to  form  the  test  section  wall.  A  partial  vacuum 
was  applied  to  the  plenum  surrounding  the  Fiberglas  wall  to  pull  air  radially 
out  of  the  test  section  through  the  Fiberglas  to  minimize  the  boundary  layer 
and  associated  noise  in  the  test  section. 

The  jet  noise  source  was  a  heated  air  jet,  0,6  inch  in  diameter,  introduced 
through  the  tunnel  inlet,  A  conical  nozzle  of  10°  half  angle  convergence  was 
used  as  a  compromise  between  the  best  internal  flow  and  minimum  external  wake, 

A  probe  microphone  (described  in  Section  III-B  following)  was  mounted  on  a 
sting  projecting  through  the  sonic  plug.  Adjustment  of  the  axial  position  of 
the  microphone  was  made  externally  by  rotating  a  rod  running  through  the  strut. 
This  linkage  was  completed  by  a  rack  on  the  sting  and  gears  contained  within 
the  plug. 

Part  of  an  existing  exponential  horn  with  a  10  cps  cutoff  v/as  adapted  to 
serve  as  a  diffuser.  The  maximum  diameter  of  this  section  was  48  inches.  The 
average  half-angle  of  expansion  was  about  3,5‘’» 

A  photograph  of  the  assembled  appeiratus  is  shown  in  Figure  15.  Only  a 
small  part  of  the  diffuser  is  visible  in  this  photograph. 


B.  Instrumenta-f-ion 


The  two  basic  requirements  of  the  microphone  to  be  used  with  this  program 
were  t.\at  it  have  a  sufficiently  low  self-noise  level  and  that  it  be  able  to 
measure  frequencies  high  enough  to  include  a  significant  portion  of  the  model 
jet  spectrum. 

To  minimize  microphone  self-noise  in  the  wind  stream,  laminar  flow  at  the 
pressure-sensing  position  was  considered  to  be  necessary.  This  could  only  be 
provided  by  using  a  cylindrical  body  to  contain  the  microphone.  Descriptions 
of  only  two  previous  instances  of  success  with  this  type  arrangement  could  be 
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found  in  the  literature,  ’  In  both  cases  the  dimensions  of  the  microphone 
and  housing  were  so  large  that  diffraction  effects  limited  excessively  the 
upper  frequency  at  which  useful  data  could  be  obtained.  The  conclusion  reached  was 
that  it  would  be  necessary  to  use  a  probe  microphone, 

Ibe  probe  microphone  as  it  was  inserted  in  the  wind  tunnel  is  shown  in 
Figure  l6.  Pour  0,0135-inch  holes  are  drilled  in  the  tip  near  the  point  of 
tangency  to  the  main  probe  tube.  The  main  tube  is  10  inches  long,  with  a 
3/16-inch  outside  diameter  and  0,065-inch  wall  thickness,  Ihe  probe  tube  was 
connected  to  a  Bruel  and  Kjaer  Type  4l3^  condenser  microphone  with  the  UA  0040 
Probe  Kit,  The  small  plastic  washer  included  with  this  kit  was  used  to 
improve  the  frequency  characteristics,  but  a  small  slot  was  first  cut  across  the 
face  of  the  washer  so  that  the  microphone  would  be  vented.  Small  tufts  of  steel 
wool  were  used  near  each  end  of  the  probe  tube  to  damp  the  major  tube  resonances. 
The  conical  housing  was  attached  rigidly  to  the  probe  at  the  front  end,  but  soft 
rubber  material  for  vibration  isolation  was  placed  between  the  microphone  vacuum- 
tube  cathode  follower  case  and  the  conical  housing.  Similar  material  was  placed 
on  the  cable  for  a  short  distance  downstream  of  the  cathode  follower. 

An  equalizing  circuit  was  placed  after  the  cathode  follower.  The  frequency 
response  of  the  probe  microphone  utilizing  this  equalizer  is  shown  in  Figure  18 
for  one-third  octave  bands.  This  calibration  was  perforaed  by  comparing 
the  probe  microphone  with  a  standard  Bruel  and  Kjaer  Type  4155  microphone,  both 
being  exposed  to  the  broad  band  noise  from  a  small  jet  operated  outdoors.  This 
should  be  considered  as  only  an  approximate  calibration.  However,  because  only 
changes  due  to  the  effect  of  motion  were  to  be  determined,  this  method  was 
considered  satisfactory,  Hie  corrections  implied  by  the  frequency  response  shown 
in  Figure  18  have  been  applied  to  all  reported  data.  No  data  are  reported 
above  12,500  ops,  however.  Without  the  equalizing  circuit,  the  response  of  the 
probe  microphone  would  have  been  down  approximately  24  db  at  12,500  ops 
relative  to  1000  ops  instea/I  of  1  db  down  as  shown. 


C.  Wind  Tunnel  Performance  and  Operation 

Performance  —  A  rake  consisting  of  three  calibrated  static  pressure  pickups 
and  five  total  pressure  pickups  was  arranged  so  that  it  could  be  positioned  at 
various  locations  in  the  tunnel  test  section.  An  additional  static  pressure 
pickup  located  in  the  downstream  portion  of  the  test  section  was  monitored  during 
all  tests.  Static  pressure  taps  were  also  placed  in  the  wall  opposite  the  plug. 

The  surveys  which  were  made  with  these  pickups  indicated  that  the  total 
pressure  was  atmospheric  down  tc  within  a  short  distance  forward  of  the  plug. 

The  Mach  number  at  any  location  could  therefore  be  obtained  by  measuring  the 
static  pressure,  calculating  the  pressure  ratio  as  the  ratio  of  static  to 
atmospheric  pressure,  and  reading  the  Mach  number  corresponding  to  this  ratio 
as  tabulated  in  Reference  22,  At  any  given  station  in  the  test  section,  the 
wind  velocity  was  constant  up  to  within  one-half  inch  of  the  walls.  The 
velocity  along  the  axis  of  the  tunnel  increased  somewhat  with  downs tieam  station. 
At  a  nominal  Mach  number  of  0,62,  the  Mach  number  increased  from  about  0,60  at  the 
most  forward  station  used  to  0,64  at  the  most  downstream  station  used.  At  this 


and  all  other  velocities  used,  the  value  reported  is  the  -iver-.i^e  velocity.-  in 
the  test  section.  At  Mach  numbers  lower  than  0.62  the  change  in  velocity  with 
axial  position  was  proportionately  less.  Eliminating  the  vacuum-induced  flow 
approximately  doubled  the  variation  noted  in  axial  velocity. 

The  weight  flows  of  air  in  the  injector  supply  line  and  the  vacnuti  line 
were  determined  using  an  approximate  method  described  by  Ower.25  The  ratio 
of  weight  flow  througii  the  tunnel  test  section  to  weight  flow  through  the 
injector  varied  from  about  7  at  a  test  section  l-5ach  number  of  0,12  to  2.5  for 
a  test  section  Mach  number  of  0,62. 

Figure  17  shows  the  placement  of  the  0,6-inch  aiameter  jet  nozzle  in  the 
wind  tunnel  and  the  13  stations  at  which  sound  level  measurements  were  made. 

The  background  noise  level  at  one  station  in  the  test  section  is  presented  in 
Figure  19*  Background  noise  was  measured  while  operating  the  jet  with  unheated 
air  at  the  same  velocity  as  the  wind  tunnel  flow  (zero  relative  velocity).  This 
background  noise  was  nearly  independent  of  location  throughout  the  central  part 
of  the  test  section.  At  a  Mach  number  of  0.62,  eliminating  the  vacuum-induced 
flow  increased  the  background  noise  by  about  2  db  at  all  frequencies.  The  maximum 
vacuum-induced  flow  which  could  be  provided  was  about  3  Ibs/sec.  It  is  believed 
that  two  or  three  times  this  flow  would  have  been  necessary  to  reduce  the  boundary 
layer  noise  substantially. 

Wind  Tunnel  and  Jet  Operation  —  The  mechanics  of  predicting  noise  in  the 
presence  of  vehicle  motion  consist  of  obtaining  measurements  at  specific  locations 
in  the  absence  of  vehicle  motion  and  then  translating  these  data  to  new  positions 
based  on  vehicle  motion  considerations.  The  stationary  condition  required  is  a 
jet  exhaust  velocity  numerically  equal  to  the  relative  exhaust  velocity  for  the 
motion  condition  to  be  predicted.  The  set  of  jet  conditions  intended  to  be  repre¬ 
sentative  of  a  typical  straight  turbojet  engine  are  given  in  Table  V  as  Conditions 
1  through  3*  The  set  of  Conditions  4  through  6  maintains  the  relative  exhaust 
velocity  constant.  This  second  set  is  useful  in  providing  additional  conditions 
from  which  to  make  comparisons  and  is  not  intended  to  be  representative  of  actual 
engine  operating  conditions.  The  noise  data  measured  for  the  stationary  jet  Condi¬ 
tions  9»  10,  aind  11  are  translated  iu  accordance  with  predicted  propagation  effects 
to  establish  the  predicted  sound  pressure  levels  for  the  moving  jet  Conditions  1, 

2,  and  3i  respectively.  Condition  7  supplies  the  reference  noise  data  for  the 
stationary  i860  fps  jet. 

Condition  12  serves  as  the  base  line  for  another  series  using  Conditions  4 
through  6,  In  this  series  a  different  reference  stationary  jet  is  used  for  each 
of  Conditions  4  through  6.  Condition  9  serves  as  the  reference  for  Condition  4, 
and  Condition  8  is  the  reference  for  Condition  5*  Since  a  stationary  jet  with 
an  exit  velocity  of  2070  fps  was  not  included  among  the  measured  data,  a  noise 
spectrum  for  a  2070  fps  jet  was  estimated  at  each  measurement  location  by  extra¬ 
polating  measured  data  from  Conditions  7  through  12,  These  estimated  data  serve 
aus  reference  data  for  Condition  6.  The  small  difference  in  density  ratio  for 
Conditions  4  through  6  was  taken  into  account  by  a  correction  of  0.5  db. 
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The  desired  adjustments  between  jet  density  and  velocity  were  made  by 
varying  the  temperature,  pressure,  and  Mach  number  of  the  jet.  The  velocities 
were  the  highest  which  could  be  used  with  a  convergent  nozzle  and  a  1100*F 
temperature  limitation.  Although  a  convergent-divergent  nozzle  could  have 
been  used  at  higher  pressures  cind  Mach  numbers  without  producing  screech,  a 
different  convergent-divergent  nozzle  would  have  oeen  required  for  each  jet 
condition  at  each  tunnel  velocity. 

To  obtain  the  required  acoustic  data,  the  microphone  was  first  positioned. 
The  model  jet  was  then  started  and  stabilized  operation  was  achieved.  The 
tunnel  was  then  set  to  the  desired  velocity,  and  a  spectrum  of  one-third  octave 
band  levels  was  obtained  by  use  of  a  graphic  level  recorder.  The  tunnel  was 
shut  down,  the  microphone  moved  (usually  with  the  jet  still  running),  and  the 
procedure  repeated. 

Data  for  determining  the  source  locations  of  the  various  frequency  bands 
(required  for  application  of  the  prediction  method)  were  obtained  by  placing 
a  microphone  at  various  positions  along  the  jet  boundary.  Da.ta  were  taken  for 
all  jet  operating  conditions  from  1190  to  i860  fps  inside  the  wind  tunnel 
without  tunnel  air  flow. 


IV.  RESULTS  AND  DISCUSSION 

A.  Data  Processing  Method 


Using  the  data  in  absence  of  vehicle  motion  (Conditions  7  through  11  in 
Table  V),  predictions  of  the  noise  expected  with  vehicle  motion  are  made.  Each 
of  these  stationary  conditions  corresponds  to  a  condition  measured  in  the 
presence  of  vehicle  motion  in  that  it  has  the  same  relative  velocity  (e.g.  Condition 
10  and  Condition  2).  A  shift  in  position  is  all  that  needs  to  be  applied  to  the 
stationary  data  at  the  corresponding  relative  velocity.  This  shift  depends  on 
Mach  number  and  angular  location;  therefore,  the  source  location  of  the  particular 
frequency  band  of  interest  must  be  known.  Figure  20  shows  the  source  locations 
for  the  particular  jet  used  in  this  investigation. 

An  illustration  of  the  method  used  in  this  study  to  make  sound  pressure 
level  predictions  for  the  conditions  for  which  wind  tunnel  data  were  obtained 

is  given  in  the  following  example. 

*» 

Consider  a  jet  operating  at  i860  fps  and  moving  with  the  vehicle  at  a 
velocity  of  670  fps  (Mach  0,62).  It  is  desired  to  predict  from  static  noise  data 
the  sound  pressure  levels  during  motion  in  a  one-third  octave  band  centered  about 
8000  cps  for  a  number  of  stations  axl  located  8  nozzle  diameters  to  the  side  of  the 
jet  axis.  Station  20,  which  is  located  20  nozzle  diameters  aft  of  the  nozzle,  is 
considered  first  in  the  following  example: 

1.  The  relative  velocity  is  1190  fps  (i860  -  670);  this  is  Condition  11 
in  Table  V. 

2,  From  Figure  20,  the  source  location  for  8000  cps  for  a  jet  of  1190 
fps  is  2.4  nozzle  diameters  aft  of  the  nozzle. 
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3.  The  azimuth  ^  in  relation  to  the  source  (jet  exhaust  direction  is 
180°)  is  determined  as  follows: 

-20  =  W5.5" 

4,  From  Figure  13,^^  — is  found  to  be  15®  for  Mach  0.62;  therefore  ^ 

=  140.5®.  ^ 

5#  The  station  for  the  static  jet  where  the  sound  pressure  level 
is  the  same  as  for  Station  20  in  the  moving  case  becomes 

tan  140.5®  ^ 

6.  Sound  pressure  levels  for  the  one-third  octave  band  centered  about 
8000  cps  are  plotted  versus  station  for  the  II90  fps  stationary  jet 
condition  in  Figure  21. 

7.  The  sound  pressure  level  is  read  at  Station  12.1  from  the  II90  fps 
stationary  jet  curve  (  Figure  21)  and  then  shifted  aft  to  Station  20. 

8.  By  following  the  alove  procedure  (steps  3-7)  at  other  stations,  a 
predicted  curve  of  sound  pressure  level  versus  station  for  the  i860  fps 
jet  moving  at  Mach  0.62  can  be  drawn.  For  reference,  the  curve  of  the 
stationary  i860  fps  jet  is  also  shown  in  Figure  21. 

By  use  of  the  metviod  outlined  above,  the  data  were  processed  for  all  frequency 
bands  and  for  all  Mach  numbers.  This  resulted  in  information  to  make  plots  of 
predicted  sound  pressure  levels  versus  frequency  at  a  given  station.  Comparisons 
of  these  data  were  then  made  at  each  station  with  measured  results  obtained  in  the 
wind  tunnel  and  also  with  the  measured  stationary  full-velocity  jet  data;  these 
comparisons  are  shown  in  Figure  22  (a-e). 

Obtaining  a  sufficient  signal-to-noise  ratio  was  a  problem  in  many  cases, 
particularly  for  the  high  wind  tunnel  velocities  which  with  resulting  low 
relative  jet  velocities  constituted  combinations  of  low  signal  and  high  back¬ 
ground  noise.  It  was  necessary,  therefore,  to  exclude  a  large  portion  of  the 
data  because  of  inadequate  signal-to-noise  ratio  (3  db  or  less)  relative  to  the 
tunnel  background  noise.  In  less  severe  cases  corrections  have  been  applied  to 
the  data.  Corrections  applied  to  measured  levels  based  on  the  signal-to-noise 
ratio  noted  were  as  follows: 


Greater  than  12  db 
6  to  12  db 
3  to  6  db 


Less  thain  3  db 


No  correction  applied 

Data  corrected  (-1.5  to  -0.5  db) 

Data  corrected  (-3.0  to  -1.5  db) 

Data  in  this  range  marked  with 

line  through  the  plotting  symbol  (  (|)  ) 

Data  discairded 
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In  summary,  very  little  reliable  data  were  obtained  where  the  jet  sound 
pressure  levels  were  low,  for  example,  at  low  frequencies  (below  ICXX)  cps), 
at  high  wind  tunnel  velocities  (above  Mach  0,32),  or  at  stations  forward  of 
the  nozzle. 


B,  Discussion 


Scale  Model  Frequencies  —  Because  of  the  small  jet  nozzle  used  in  this 
experimental  program,  the  frequencies  are,  of  course,  very  high  relative  to 
a  full  size  engine.  For  example,  a  22-inch  turbojet  engine  operating  at  a 
velocity  of  i860  fps  would  generally  have  its  spectrum  peak  in  the  150  to  600  cps 
range.  By  application  of  scaling  principles,  the  0,6-inch  model  jet  correspond¬ 
ingly  should  peak  at  5,500  to  22,000  cps.  An  examination  of  the  static  jet  curves 
in  Figure  22  shows  this  to  be  true.  The  upper  frequency  limit  of  the  microphone 
and  probe  combination  prevented  observance  of  this  spectrum  peak  in  a  few  cases. 

Comparison  of  Predicted  and  Measured  Levels  —  The  general  agreement  with 
theory  is  easily  seen  for  a  Mach  0,32  condition  in  Figure  22d,  v.’here  moderately 
large  SPL  reductions  from  the  static  condition  are  expected.  For  example, 
at  Stations  12,  l6  and  20,  6  to  12  db  reduction  was  predicted  and  5  to  10  db 
reduction  was  measured. 

The  agreement  between  predicted  and  measured  values  is  apparently  poorest 
at  the  Mach  0,22  condition  shown  in  Figure  22b,  At  Stations  l6  and  20,  where 
the  static  jet  levels  were  highest,  k  to  11  db  reduction  was  predicted,  but 
only  1  to  5  db  reduction  was  measured. 

The  highest  wind  tunnel  velocity  for  which  any  jet  noise  levels  were 
measurable  above  the  background  was  Mach  0,62;  data  for  this  condition  are 
shown  in  Figure  22e.  At  Station  20  measured  reductions  of  17  to  20  db  compared 
favorably  with  predicted  reductions  of  15  to  19  db.  At  the  other  stations  for 
which  data  were  obtained  above  the  background  noise  the  measured  reductions  were 
somewhat  greater  than  predicted. 

Except  for  very  few  cases  (1%),  the  predicted  moving  jet  sound  pressure 
levels  for  all  frequency  bands  at  all  stations  never  exceeded  by  more  than  one 
decibel  those  for  the  static  jet  at  the  same  station.  This  prediction  was 
verified  by  measurement  also  where  less  than  2%  of  the  measured  values  in  motion 
were  more  than  one  decibel  above  those  for  the  static  jet.  It  is  significant  to 
note  that  there  is  no  general  trend  of  increasing  sound  levels  with  motion  at 
positions  forward  of  the  nozzle  as  would  have  been  predicted  by  some  of  the 
earlier  theories.  The  agreement  of  measured  levels  with  those  predicted  by  the 
present  theory  is  much  worse  at  the  forward  stations  than  for  positions  aft  of 
the  nozzle. 

The  general  trends  of  the  predicted  motion  effects  shown  in  Figure  22  appear 
to  be  confirmed  by  the  results  from  the  experimental  program;  however,  the  magni¬ 
tudes  of  the  deviations  in  some  instances  are  somewhat  disappointing.  In  order 
to  summarize  the  extent  of  the  agreement  and  to  compare  the  subject  method  with 
other  simpler  approaches.  Table  VI  has  been  prepared.  This  table  shows  the 
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percentage  of  the  measured  noise  data  obtained  in  the  wind  tunnel  that  agreed 
within  decibels  of  the  predicted  values.  All  of  the  measured  data  from 
Figure  22  were  used  in  making  this  analysis,  i.e.,  all  stations  and  all  fre¬ 
quency  oa^.s^s. 

In  Method  1  the  measured  sound  levels  at  each  station  from  the  full- 
velocity  static  jet  are  used  with  no  corrections,  i.e.,  this  method  assumes  the 
effect  of  motion  to  be  negligible.  As  might  be  expected  the  agreement  between 
predicted  and  measured  sound  levels  gets  progressively  worse  as  the  vehicle  Mach 
nxunber  is  increased,  thus  demonstrating  the  need  for  some  type  of  correction. 

Method  2  uses  measured  noise  data  from  a  static  Jet  operating  at  reduced 
velocity  corresponding  to  flight  relative  velocity,  but  no  correction  is  made 
for  the  shift  in  position  caused  by  motion  as  required  by  the  second  part  of 
the  present  hypothesis.  With  this  method  the  agreement  gets  progressively  worse 
with  increased  Mach  number,  but  it  is  significantly  better  than  Method  1  where  no 
correction  is  applied. 

Method  3  represents  the  present  approach  which  utilizes  measured  data  from 
a  reduced  velocity  static  jet  and  also  accounts  for  a  position  shift  for  the 
motion  effect.  There  appears  to  be  no  general  trend  in  agreement  with  increas¬ 
ing  Mach  number  as  was  noted  for  Methods  1  and  2.  For  over  98^  of  the  369  indi¬ 
vidual  sets  of  values  compared,  Method  3  gave  values  within  ±6  decibels  of  those 
measured  in  the  wind  tunnel. 

In  Method  4  the  reduced  relative  velocity  is  taken  into  account  oy  means 
of  calculation  cased  on  the  8ib  power  of  relative  velocity.  No  corrections  are 
applied  for  a  shift  in  position.  This  method  is  identical  to  Method  2  except 
that  reduced  relative  v  I.o  -ivj  levels  are  estimated  from  the  levels  measured 
for  a  full-veli'.city  ci-atic  jet  rather  than  beini_.  r.easured  for  the  lower  relative 
velocity  condition.  Use  of  this  method  appears  to  produce  no  trend  in  ^-greement 
with  Mach  number.  The  use  of  the  8*6  power  of  relative  velocity  for  all  locations 
and  frequencies  is  justified  only  on  the  basis  of  simplicity.  If  this  method 
were  to  be  used  in  practice,  velocity  exponents  appropriate  to  a  specific 
location  and  frequency  should  be  used. 

From  inspection  of  Table  VI,  it  can  be  seen  that  Method  3  yields  better 
agreement  than  Method  2  for  four  out  of  the  five  conditions  shown;  thus  it  is 
seen  that  the  correction  for  position  shift  resulted  in  an  improvement.  The 
very  simple  approach  of  Method  4  appears  to  give  results  almost  as  good  as  the 
complex  approach  of  Method  3.  It  should  not  be  concluded,  however,  that  Method  4 
will  apply  equally  well  in  all  situations.  For  example,  if  the  method  is  applied 
to  rockets  the  eighth  power  dependence  on  relative  velocity  would  probably  have 
to  be  changed  to  a  third  power  dependence.  This  lower  exponent  coupled  with 
the  smaller  percentage  chainge  in  relative  velocity  (because  of  the  high  exit 
velocity  of  the  stationary  rocket)  would  then  make  the  position  shift  the 
predominant  factor  governing  the  SPL  changes  due  to  motion.  It  would  be 
desirable  to  verify  this  experimentally  with  a  high  velocity  (above  7500  fps) 
jet  or  rocket  in  a  wind  stream.  This  could  be  accomplished  by  use  of  a  small 
heated  helium  jet  as  described  in  Part  I  of  this  report. 
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past  experience  in  working  with  jet  noise  has  shown  that  most  consistent  data 
are  generally  found  near  the  peak  of  the  spectrum*  For  the  model  jet  used  in  this 
program,  the  upper  four  1/3  octave  bands  (center  frequencies  at  6.4,  8,  10,  and 
12.3  kcps)  are  considered  to  be  representative  of  the  spectrum  peak.  The 
correlation  between  measured  and  predicted  values  of  noise  reduction  caused  by 
motion  is  shown  in  Figure  23  for  these  frequency  bands.  Although  there  is 
considerable  data  scatter,  the  measured  data  tend  to  follow  the  predicted  values. 

Position  Shift  —  The  shift  in  position  of  the  noise  field  caused  by  vehicle 
motion  is  not  obvious  in  the  plots  of  SPL  versus  frequency  in  Figure  22,  To 
observe  this  effect  more  readily,  a  different  type  presentation  is  required  as  shown 
in  Figure  24,  In  this  figure  an  i860  fps  jet  operating  in  a  Mach  0,32  wind  is 
considered.  According  to  the  hypothesis,  the  effects  of  motion  are  determined 
in  this  case  by  operating  a  static  jet  at  an  exit  velocity  of  1503  fps  and  by 
making  a  noise  measurement  at  a  specified  forward  position  determined  by  calcu¬ 
lation,  In  Figure  2^^  the  calculated  rearward  shifting  of  the  noise  field  for  an 
8000  cps  source  can  be  seen.  The  measured  data  for  an  i860  fps  jet  operated  in 
a  Mach  0,32  wind  stream  are  shown  for  comparison.  It  is  apparent  that  the  measured 
and  calculated  plots  of  SPL  versus  position  are  quite  similar.  The  measured  values 
are  slightly  higher,  but  the  peaks  occur  at  the  same  station.  This  particular 
condition  and  frequency  hand  was  selected  for  illustration  because  it  was  one  of 
the  better  examples.  However,  a  shift  of  position  occurs  at  all  frequencies  amd 
at  all  test  conditions.  The  position  shift  is  not  readily  apparent  in  some 
cases  because  of  unexplained  variations  in  level  which  tend  to  obscure  the 
shift. 

To  permit  quick  analysis  of  the  position  shift  effect  for  various  motion 
conditions.  Figure  25  (a-e)  presents  curves  of  SPL  versus  statiop  for  (1)  the 
measured  static  relative-velocity  jet,  (2)  the  measured  full- velocity  jet  in 
motion,  and  (3)  the  predicted  full-velocity  jet  in  motion.  The  peaks  of  these 
carves  have  been  normalized  to  separate  the  shift  in  position  from  the  unexplained 
shift  in  sound  pressure  level. 

Analysis  of  the  curves  of  measured  data  in  Figure  25  indicates  the  following: 

1,  Without  exception,  all  curves  shift  downstream, 

2,  For  a  given  jet  and  wind  tunnel  condition  the  shifts  are  greater  for 
the  more  downstream  positions, 

3,  The  Mach  0,32  data  show  greater  shifts  than  the  Mach  0,22  data.  The 
Mach  0,62  data  are  somewhat  inconclusive  as  to  the  magnitude  of  the 
shift  because  of  lack  of  data;  however,  they  appear  to  fit  the 
trend  of  increased  shift  with  Mach  number. 

Qualitatively,  then,  the  shift  in  position  caused  by  motion  is  behaving 
as  predicted,  i,e,,  in  direction,  in  trend  with  position,  and  in  ti*end  with 
Mach  number.  Quantitatively,  the  experimental  results  appear  to  be  in  reasonable 
agreement  with  theory.  In  general,  the  actual  shift  appears  to  be  somewhat 
greater  thaui  predicted,  except  for  the  i860  fps  jet  at  Mach  0,22  which  produced 
much  less  position  shift  than  expected.  Also,  this  particular  condition  did 
not  produce  the  expected  drop  in  sound  pressure  level  as  noted  in  Figure  22b,  This 
raises  the  question  of  a  possible  error  in  wind  tunnel  velocity  for  this  particular 
jet  condition  because  the  other  Mach  0,22  condition  shown  in  Figure  24a 
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produced  shifts  in  reasonable  agreement  with  theory,  (However,  a  check  of 
the  records  for  this  particular  experimental  run  did  not  reveal  any  obvious 
errors.) 

Overall  Evaluation  of  Hypothesis  —  On  a  qualitative  basis  the  experimental 
results  are  consistent  with  the  two  motion  effects  predicted  by  the  hypothesis; 
i.e,,  noise  reductions  associated  with  reduced  relative  velocity  and  downstream 
shifting  of  the  noise  field  are  both  observed.  However,  on  a  quantitative 
basis,  the  agreement  of  experimental  results  with  theory  is  not  sufficient  to 
completely  confirm  the  hypothesis.  It  is  reasonable  to  assume  that  a  combination 
of  small  experimental  errors  could  account  for  at  least  some  of  the  deviations 
observed,  e.g,,  a  error  in  jet  velocity  determination  will  cause  a  one 
decibel  change  in  sound  pressure  level.  In  the  absence  of  any  conflicting  trends 
with  theory  or  gross  inconsistencies  between  measured  and  predicted  values  in 
general,  it  is  tentatively  concluded  that  the  hypothesis  is  fundamentally  valid. 

Airplane  Flight  Results  Compared  —  It  is  desired  to  compare  resuHs  predicted 
by  theory  with  those  obtained  from  airplane  flight.  Unfortunately  very  little 
of  the  already  small  quantity  of  available  flight  data  can  be  used  because  of 
(1)  the  presence  of  boundary  layer  noise,  (2)  unknown  flight  and  engine 
conditions,  (5)  multiple  engine  operation  and  (4)  lack  of  ground-measured  static 
data  at  the  appropriate  reduced  relative  velocity  conditions.  In  order  to  make 
a  good  comparison,  preferred  flight  conditions  are  those  which  will  be  expected  to 
produce  a  large  change  in  noise  so  that  motion  effects  can  be  easily  observed. 

24 

Noise  measurements  made  in  two  aft  compartments  of  the  XB-47  airplane 
showed  large  reductions  in  sound  pressure  level  for  a  flight  condition  of  Mach  0,77 
at  15,000  feet  altitude  compared  to  ground  measurements  nade  at  the  same  engine 
compressor  speed.  Average  noise  reduction  values  are  shown  below  for  three  low 
frequency  bands  where  boundary  layer  noise  did  not  affect  the  results, 

75  -  150  cps  22  db 

150  -  300  cps  17  db 

300  -  600  cps  12  db 

It  is  not  possible  to  make  an  accurate  prediction  of  the  noise  reduction 
for  the  above  case  because  no  noise  data  along  the  outside  of  the  fuselage  are 
available  from  static  runs  at  reduced  engine  power  settings  which  correspond  to 
the  lower  relative  velocity  in  flight.  Qualitatively,  however,  the  measured 
results  appear  to  be  in  reasonable  agreement  with  theory.  For  example,  at 
Mach  0,77  the  relative  velocity  would  be  reduced  to  about  55%  of  the  static 
jet  velocity;  this  would  cause  a  large  reduction  in  acoustic  power  generated 
(21  db  if  V°  is  assumed  to  apply).  The  jet  directivity  effects  caused  by 
reduced  relative  velocity  and  forward  motion  would  modify  the  results,  but 
these  effects  are  difficult  to  evaluate  because  of  the  lack  of  static  data  for 
the  reduced  velocity  condition. 

Method  Applied  to  Various  Propulsion  Systems  —  Application  of  the  general 
method  described  in  this  report  to  various  type  engines  and  vehicles  can  be 
expected  to  produce  a  wide  variation  in  the  SPL  changes  caused  by  motion. 
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Approximations  of  the  predicted  change  in  noise  caused  by  the  change  in  relative 
velocity  with  motion  are  given  in  Table  VII.  (This  table  does  not  account  for 
the  shift  in  position  of  the  noise  radiation  pattern  with  motion.)  The  velocity 
dependence  terms,  which  have  been  assumed  for  illustrative  purposes  only,  are 
shown  below;  these  are  based  on  directivity  considerations. 


Aft  of 

Forward  of 

Nozzle 

Nozzle 

Turbojets 

v"* 

Afterburning 

Q 

V  below  i860  fps; 

turbojets 

V°  for  i860  to  2500  fps 

Rockets 

V^ 

The  smaller  values  of  noise  reduction  shown  in  Table  VII  for  rockets 
relative  to  turbojets  are  caused  by  two  factors:  (1)  the  percentage  change  in 
relative  velocity  is  smaller  because  of  the  high  rocket  exit  velocity  and  (2) 
the  velocity  exponent  is  smaller.  Because  of  the  small  noise  level  change  due 
to  these  two  factors,  it  appears  unnecessary  to  require  noise  data  from  a  re¬ 
duced  velocity  static  run  when  it  is  desired  to  predict  the  effect  of  motion  on 
rocket  noise.  The  principal  requirement,  then,  for  making  a  prediction  is  the 
availability  of  full-velocity  noise  data  at  various  locations  of  interest.  These 
noise  data  can  be  conveniently  provided  by  use  of  a  scale  model  rocket.  The 
expected  result  for  positions  forward  of  the  nozzle  would  be  rapidly  decreasing 
noise  levels  as  the  vehicle  velocity  approaches  Mach  1.0  due  to  the  shift  in 
noise  radiation  pattern.  Aft  of  the  nozzle,  the  rocket  noise  could  increase  or 
decrease  depending  upon  the  particular  location  and  velocity  relationship.  For 
turbojets,  an  increase  in  noise  aft  of  the  nozzle  does  not  generadly  occur 
because  the  relative  velocity  effect  predominates  over  the  effect  caused  by  the 
shift  in  the  noise  pattern. 
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5.  CONCLUSIONS 


The  evidence  presented  in  this  report  tends  to  confirm  the  hypothesis 
that  the  effect  of  vehicle  motion  on  jet  noise  can  be  explained  by  two  sep¬ 
arate  factors:  (l)  the  noise  produced  by  a  jet  in  motion  is  dependent  upon  the 
relative  velocity  between  the  jet  and  the  air  through  which  it  moves;  and  (2) 
a  shifting  of  the  noise  radiation  pattern  toward  the  rear  occurs  because  of 
combined  effects  of  vehicle  motion  and  the  finite  velocity  of  sound. 

The  specific  method  developed  for  predicting  effects  of  motion  on  jet  noise 
is  workable.  However,  since  it  requires  the  use  of  either  measured  or  estimated 
noise  data  foj.  various  power  conditions  for  a  stationary  engine,  the  success  of 
the  method  is  dependent  upon  the  availability  and  accuracy  of  the  appropriate 
stationary  engine  data. 

Application  of  the  method  to  various  classes  of  flight  propulsion  systems 
indicates  that  the  relative  importance  of  the  two  factors  contributing  to  the 
motion  effect  changes  as  the  exhaust  velocity  of  the  power  plant  is  increased. 
For  turbojet  vehicles  the  general  effect  of  motion  is  large  reductions  in  noise 
mainly  because  of  reduced  relative  velocity.  When  similar  motion  is  applied  to 
vehicles  equipped  with  the  higher  jet  velocity  afterburners  or  ramjets,  the 
noise  reductions  will  be  smaller.  The  effect  produced  by  the  shifting  of  the 
noise  radiation  pattern  then  becomes  more  significant.  For  rocket  vehicles  the 
effect  of  relative  velocity  change  is  almost  insignificant  compared  to  the 
effect  of  the  shift  in  the  noise  radiation  pattern.  For  a  vehicle  with  a 
tail-mounted  rocket  the  noise  on  the  vehicle  is  always  reduced  relative  to  the 
static  condition;  however,  for  a  forward-mounted  rocket,  the  noise  on  the 
vehicle  could  increase  or  decrease  with  motion  depending  upon  the  particular 
relationship  of  vehicle  velocity  and  location.  These  general  effects  can  be 
investigated  for  specific  cases  by  the  method  outlined  in  this  report. 
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APPENDIX  II 


EFFECT  OF  MOTION  ON  PROPAGATION  OF  SOUND 

The  following  derivation  has  been  reported  by  Eldred.^^  Minor  chainges  have 
been  made  in  designating  certain  symbols  to  be  consistent  with  the  terminology 
of  this  report. 

The  moving  vehicle  situation  is  depicted  in  Figure  26.  The  receiver, 
which  is  initially  at  point  R  at  the  time  tQ,  is  attached  to  the  vehicle,  which 
moves  at  a  constant  velocity  S,  or  Mach  number  M  =  S/a  through  the  stationary 
medium.  Consider  that  the  sound  radiated  at  time  tQ  reaches  a  point  R*  at 
time  tQ_,  (t]_  -  tQ)  seconds  after  the  sound  was  radiated.  During  this  propagation 
time  the  receiver  has  moved  from  R  to  the  point  R*,  a  distance  equal  to  MaCt^^  - 

The  distance  which  the  sound  must  travel  in  the  stationary  medium  to 
reach  the  moving  receiver  is  given  by 

r*  =  a(t^  _  t^)  (9) 

C 

The  distance  which  the  receiver  has  moved  in  the  time  interval  t.,  -  t  is 

i  0 

Ma(ti  -  t^)  =  r'  cos  oC  -  t  cos  (10) 

where  ^  is  the  angle  (measured  from  the  direction  of  vehicle  motion)  which 
relates  the  receiver  to  the  source  in  the  coordinate  system  moving  with  the 
vehicle,  and  £?C  is  the  angle  of  noise  radiation  from  the  source  to  the  moving 
receiver. 

Substituting  r*  for  a(t^  -  t^)  in  equation  (10), 

r*  (cos  ^  -  M)  =  r  cos  ^  (11) 

Since  the  perpendicular  distance  between  the  vehicle  longitudinal  axis  and 
both  R  anijl  R*  is  constant, 

r*  sin  oC  =  r  sin  ^  (12) 

Dividing  equation  (12)  by  equation  (11)  and  transposing. 


shown  previously  as  equation  (8).  The  relationship  (  )  versus  ^  is 

plotted  in  Figure  13  for  various  values  of  Mach  number^  ' 


ASD-TDR-62-787 


61 


parameters  and  wind  tunnel  operating  conditions 
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Table  VI*  Agreement  of  measured  data  vrith  pi‘o-licted  values 


•  I  1  — 


Values  shovm  in  the  table  indicate  the  percentage  of  measured 3 PL  data,  which 
agree  x.ithin  ±  3  decibels  with  SPL  v;iLues  predicted  by  vai'ious  metho:'s  (see 
text)j  numbers  in  parentheses  indicate  the  percentage  of  data  '.rhich  agree 
vrithin  ±  6  decibels*  The  sample  consists  of  "all  measured  5PL  data  shown  in 
Figure  22  (a-e),i*e*,  for  all  frequency  bands  and  all  measurei-Xint  locations. 
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Figure  12.  Geome'trical  relationship  between  angles  tL  and  S 

for  a  iet  in  motion.  ' 
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Schoinatic  diagram  of  l6~:neh  wind  tunnel  assembly 


esqperimentally  determined  apparent  source  locations  of  noise  in  one^third  octave  bands 
f  frequency  are  shewn  for  various  exit  velocity  conditions  of  the  stationary  jet. 


THIRD  OCTAVE  BAND  LEVEL  III  DB  RE  0.0002  MICRQBAR 
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SHIFT  DEFINED  BY 
EQUATION  8  OR 
~  FIGURE  13 


KEASUR3-ISNT  STATIONS  IN  NOZZLE  DIAMETERS 

Figure  21.  Illustration  of  inethod  of  predicting  the  change  in  SPL 
at  a  location  due  to  vehicle  motion. 
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Figxire  23.  Measured  vs.  predicted  values  of  noise  reduction  due  to  motion, 

correJation  between  measured  and  predicted  values 
of  noise  reduction  (from  Figure  22,  a-e)  for  the  upper  four  1/3  octave  bands 

(6,li,  8,  10,  and  12,5  kcps),. 
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